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EXECUTIVE  SUMMARY 


This  report  summarizes  a  program  conducted  to  design  and  evaluate  TCAS  It 
avionics,  focusing  on  the  air-to-air  surveillance  subsystem. 

Concept  of  TCAS 

The  Traffic  Alert  and  Collision  Avoidance  System  (TCAS)  is  a  system  of 
airborne  equipment  being  developed  by  the  PAA  for  the  purpose  of  preventing 
mid-air  collisions.  TCAS  is  intended  as  a  collision  avoidance  backup  to  the 
existing  system  of  air  traffic  control. 

In  one  mode  of  operation.  Illustrated  in  Fig.  1-1,  TCAS  would  prevent  a 
collision  between  two  aircraft,  each  equipped  with  a  unit  called  TCAS  II. 

Each  TCAS  II  would  sense  the  presence  of  the  other  aircraft,  measure  its 
location  (in  range,  altitude,  and  bearing),  detect  a  hazardous  situation  if 
one  develops,  and  then  display  a  resolution  advisory  (such  asr*climb*r  or 
“descend**)  to  the  pilot,  after  first  carrying  out  an  automatic  coordination 
between  the  two  aircraft  to  assure  that  the  action  taken  by  one  aircraft  will 
complement  the  action  taken  by  the  other  aircraft. 

As  illustrated  in  Fig.  1-1,  the  TCAS  II  also  affords  protection  against 
aircraft  equipped  with  either  Mode  S  or  existing  Secondary  Surveillance  Radar 
(SSR)  transponders.  For  Mode  S  transponders,  air-to-air  surveillance  is 
carried  out  in  Mode  S.  For  existing  transponders,  air-to-air  surveillance  is 
carried  out  in  Mode  C*  (using  Mode  C-only  interrogations,  to  which  Mode  S 
transponders  do  not  reply).  Mode  S  is  used  for  surveillance  of  other 
TCAS  II-equipped. 

The  TCAS  II  also  affords  protection  against  aircraft  equipped  with  TCAS  I 
which  is  a  simpler  form  of  TCAS.-.  In  these  cases,  there  is  no  automatic 
cordlnatlon  between  the  two  aircraft;  when  necessary,  the  TCAS  II  generates  a 
resolution  advisory  unilaterally,  and  in  all  respects  behaves  as  if  the  other 
aircraft  were  equipped  with  just  a  transponder. 

A  TCAS  II  Installation  can  conceptually  be  divided  into  two  subsystems: 

(l)  surveillance  and  (2)  control  logic.  The  former  is  the  subject  of  this 
report .  ...  -> 

Air-to-Air  Surveillance  '  . 


Air-to-air  surveillance  is  accomplished  by  transmitting  Interrogations 
and  receiving  replies.  The  range  between  the  two  aircraft  is  determined  from 
the  time  elapsed  between  interrogation  transmission  and  reply  reception.  The 
altitude  of  the  target  aircraft  is  obtained  from  the  altitude  code,  which  is 
contained  in  the  reply.  Bearing  relative  to  the  nose  of  own  aircraft  is 
obtained  by  a  direction  finding  antenna  which  is  part  of  the  TCAS  II 
Installation.  Bearing  measurements  are  coarse  (standard  deviation  of  about 
10°),  and  are  used  in  a  traffic  display  but  not  in  the  control  logic. 


*  The  distinction  between  Mode  C  and  Mode  S  is  explained  in  Ref.  1. 
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The  FAA  is  also  developing,  separately  from  the  work  documented  here,  an 
"Enhanced  TCAS  II"  which  uses  a  more  accurate  direction  finding  antenna 
(standard  deviation  of  abouc  1*).  The  goal  of  that  development  is  to  achieve 
the  capability  for  including  horizontal  resolution  advisories  in  the  control 
logic . 

The  altitude  of  the  target  aircraft  is  required  by  the  TCAS  11  unit  in 
order  to  generate  vertical  resolution  advisories.  Thus  transponder-equipped 
aircraft  that  are  not  altitude  reporting  cannot  participate  in  TCAS  in  this 
sense.  For  such  aircraft,  however,  TCAS  II  can  provide  a  measure  of 
protection  in  the  form  of  traffic  advisories.  Here  the  display  Indicates  to 
the  pilot  the  range  and  relative  bearing  of  the  target  aircraft.  Mode  C 
surveillance  of  such  non-altitude  reporting  aircraft  is  more  challenging  than 
in  the  altitude  reporting  case;  the  absence  of  an  altitude  measurement  along 
with  each  range  measurement  makes  it  more  difficult  to  form  tracks  from  the 
set  of  received  replies.  This  difficulty  has  been  addressed  in  the  TCAS 
development  program,  and  a  special  form  of  surveillance  processing,  tailored 
to  this  node,  has  been  developed.  This  work  is  being  documented  separately. 

Surveillance  in  High  Aircraft  Densities 


The  design  of  the  air-to-air  surveillance  function  of  TCAS  II  builds  on 
the  previous  development  of  BCAS  (Beacon  Collision  Avoidance  System,  Ref.  2), 
by  the  addition  of  a  number  of  improvements  to  accommodate  higher  aircraft 
densities.  The  BCAS  design  was  intended  for  operation  in  low  to  moderate 
densities  up  to  0.02  aircraft/nml* .  This  value  of  density  is  not  exceeded 
throughout  most  of  the  airspace  In  the  United  States.  But  it  is  exceeded 
locally  in  major  metropolitan  areas.  Currently  in  parts  of  the  Los  Angeles 
Basin,  the  density  averages  abouc  0.1  aircraft/nrai2 .  In  1981,  the  FAA  adopted 
a  change  in  the  airborne  collision  avoidance  concept,  signified  by  the  change 
in  name  from  BCAS  to  TCAS.  The  design  goal  for  aircraft  density  was  changed 
to  Include  Che  major  metropolitan  areas  plus  an  allowance  for  future  growth  in 
air  traffic.  A  density  of  0.3  ai rcraf t/nml2  was  adopted  as  the  specific 
goal . 


In  changing  the  BCAS  design  to  accommodate  this  higher  density,  a  number 
of  issues  had  to  be  considered.  Primary  among  these  is  the  issue  of 
synchronous  garble  in  Mode  C,  illustrated  in  Fig.  1-2.  Here,  TCAS  is 
performing  surveillance  using  omnidirectional  Mode  C  interrogations.  When 
received,  the  replies  from  a  particular  ai rcraf t-of-interest  will  be 
overlapped  by  replies  from  other  aircraft  at  approximately  the  same  range. 

This  is  called  synchronous  garble  because  the  desired  reply  and  the 
interfering  replies  are  triggered  by  the  same  interrogation.  If,  for  example, 
the  aircraf t-of-interest  is  at  a  range  of  5  nmi  and  the  aircraft  density  is 
0.1  aircraft/sq.  nmi,  then  the  average  number  of  other  aircraft  near  enough  in 
range  to  cause  synchronous  garble  is  11.  It  is  impossible  to  reliably  detect 
a  reply  in  the  presence  of  11  overlapping  replies. 
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De s i  gn  Issues  Addressed  and  Main  Results 


A  conceptually  straightforward  technique  for  reducing  synchronous  garble 
is  directional  interrogation.  A  4-beam  antenna  can  be  used,  for  example,  and 
this  Is  the  design  addressed  In  detail  in  this  report.  A  directional 
interrogation  eliciting  a  re;jly  from  the  aircraft-of-intereat  (Fig.  1-2)  will 
not  elicit  replies  from  other  aircraft  far  away  in  atimuth,  so  synchronous 
garble  is  reduced.  Additional  Interrogations  transaltted  in  the  other  3  beaas 
make  it  possible  to  track  these  other  aircraft  as  well. 

Another  technique  that  has  been  investigated  for  reducing  synchronous 
garble  is  an  increase  in  the  number  of  whisper-shout  Interrogation  levels. 
Whisper-shout  Is  a  multiple  Interrogation  technique  that  was  developed  during 
the  BCAS  program  (Ref.  3). 

The  nethodology  of  the  TCAS  II  design  program  can  be  described  in  terms 
of  a  number  of  improvements  applied  to  BCAS,  such  as  directional  Interrogation 
and  extended  whisper-shout,  to  make  it  capable  of  operating  in  high  aircraft 
densities.  Initially,  the  physical  mechanisms  (synchronous  garble  for 
example)  that  would  cause  performance  degradation  as  density  Increases  were 
identified.  For  each  mechanism,  several  possible  design  changes  were 
considered  and  evaluated  by  analysis,  simulation,  and  airborne  testing. 

The  TCAS  II  design  that  was  developed  has  the  following  main 
character 1st Icb : 

Directional  interrogation  using  a  4-bean  antenna,  with  90*  beams, 
pointing  forward,  aft,  left,  and  right,  and  including  transmit 
sidelobe  suppression.  The  antenna  used  in  airborne  testing  is  about 
1/2  inch  high  and  about  8  inches  in  diameter. 

24-level  whisper-shout,  which  is  considerably  more  capable  than  the 
4-level  design  in  BCAS. 

Role  of  bottom  antenna.  The  bottom  antenna  plays  a  relatively  minor 
role  in  this  design.  It  Is  an  omnidirectional  monopole,  whereas  the 
top  Is  directional.  The  bottom  interrogations  have  lower  peak  power 
than  the  top  by  18  dB,  and  a  shorter  whisper-shout  sequence,  4 
interrogations  as  compared  with  24  for  the  top-forward  beam.  The 
role  of  the  bottom  antenna  was  reduced  for  two  reasons.  One  is  the 
reduction  of  false  tracks  (arising  from  multipath).  The  other 
reason  Involves  the  efficient  use  of  the  limited  number  of 
interrogations  permitted  In  high  density  regions. 

Changed  squitter  format.  The  Mode  S  squitter  (which  Is  the 
spontaneous  transmission  omitted  by  Mode  S  transponders,  used  in 
TCAS  for  detection  of  discrete  addresses)  was  changed  in  message 
content.  In  its  current  form,  the  24  parity  bits  appear 
in  the  clear,  that  is,  not  overlayed  by  the  address  as  had  been  the 
case  previously.  This  change  was  instituted  primarily  so  that  error 


detection  can  he  applied  upon  squitter  reception*  Krror  detection 
essentially  eliminates  the  possibility  of  deriving  false  addresses 
from  squitter  receptions,  which  could  otherwise  become  a  major 
problem  in  high  density  airspace. 

Improved  Hodc  S  surveillance  processing*  Mode  S  interrogations  are 
transmitted  individual t'y "to  each  target  aircraft,  and  thus  have  to 
he  carefully  managed  to  prevent  their  becoming  excessively  numerous 
In  high  density  airspace.  This  managing  is  done  by  the  Mode  S 
surveillance  processor,  which  was  redesigned  extensively  during  the 
TCAS  development  program. 

Revision  of  Interference  limiting  standard.  The  interference 
limiting  standard  developed  in  the  tK.AS  program  placed  limits  on 
interrogation  rate  and  power  for  the  purpose  of  keeping  all 
interference  effects  caused  by  BCAS  to  a  negligibly  low  level.  In 
transitioning  to  TCAS,  the  interference  ltmlting  standard  had  to  be 
revised  for  several  reasons.  One  concerns  self  suppression  of  own 
transponder  (sometimes  called  "mutual  suppression").  Because  of 
directional  Interrogation  and  the  expanded  form  of  whisper-shout,  a 
TCAS  II  unit  will  transmit  Interrogations  at  a  considerably  higher 
rate  than  that  of  BCAS.  This  could  lead  to  a  problem  In  the  form  of 
excessive  self  suppression.  To  manage  this,  a  second  Inequality  has 
been  added  to  the  interference  limiting  standard.  In  addition,  the 
rjplles  triggered  by  TCAS  will  constitute  Interference  to  other 
systems.  Operation  In  high  donsitr  airspace  makes  this  effect 
potentially  much  more  significant  in  TCAS  than  it  was  in  BCAS. 
Accordingly  a  third  inequality  has  been  added  to  the  interference 
limiting  standard  to  limit  the  maximum  amount  of  fruit  generated  by 
TCAS. 

Performance 


TCAS  II  performance  was  assessed  in  a  number  of  ways  including  airborne 
measurements  focusing  on  Individual  techniques  and  simulation  of  the  Mode  S 
surveillance  processor.  A  primary  step  in  the  performance  assessment  process 
was  a  series  of  airborne  measurements  in  the  Los  Angeles  Basin  aimed  at 
evaluating  the  Mode  C  surveillance  de  ign  as  a  whole.  The  LA  Basin  is  known 
to  have  the  highest  density  of  aircraft  in  the  United  States.  These  tests 
were  conducted  in  a  Boeing  727  equipped  with  an  experimental  TCAS  II  unit 
having  a  4-beaa  directional  interrogator  as  well  as  the  other  TCAS  II  design 
characteristics  listed  above. 

Performance  was  assessed  by  analyring  the  data  in  several  ways.  One 
study  focused  on  aircraft  targets-of-opportunl ty  that  by  chance  passed  by  in  a 
relatively  close  encounter.  Surveillance  reliability  was  good.  In  such  cases 
the  percentage  of  time  during  which  the  target  aircraft  was  in  track  was  about 
97T  (during  the  50  second  period  prior  to  the  point  of  closest  approach  in 
each  encounter). 


In  a  second  study  the  detailed  pattern  of  replies  was  analyzed  to  derive 
a  quantitative  estimate  of  the  effectiveness  of  4-beam  directional 
interrogation  in  alleviating  synchronous  garble.  These  results  show  an 
improvement  factor  of  2.4,  which  is  in  agreement  with  the  amount  predicted 
according  to  the  geometry  of  directional  interrogation. 

A  third  study  was  statistics’ ,  based  on  all  of  the  aircraft  that  passed 
within  5  nral  in  range  while  being  within  s 10°  in  elevation  angle.  The  purpose 
of  this  study  was  to  determine  the  functional  dependence  of  surveillance 
reliability  on  aircraft  density.  The  results  indicate  that  there  was  not  a 
significant  degradation  in  performance  as  a  function  of  density.  The  density 
values  experienced  in  the  LA  Basin  during  these  tests,  although  very  high  in 
an  absolute  sense,  were  not  high  enough  to  significantly  degrade  surveillance 
performance. 

Conclusion 

A  TCAS  II  design  which  incorporates  a  top-taunted  directional  antenna  and 
a  bottom-mounted  omnidirectional  antenna  and  which  employs  a  24-level 
whisper-shout  sequence  and  proven  Mode  S  surveillance  algorithms  is  cabbie  of 
excellent  surveillance  reliability  in  today's  high-density  Los  Angeles  Basin 
environment  and  is  predicted  to  continue  to  provide  excellent  performance  in 
similar  environments  through  the  end  of  the  century  without  detectable 
degradation  to  Che  performance  of  the  ground-based  ueaeon  surveillance 
system. 


1.  INTRODUCTION 


1.1  Concept  of  TCAS 

The  Traffic  Alert  and  Collision  Avoidance  System  (TCAS)  Is  a  system  of 
airborne  equipment,  being  developed  by  the  FAA,  for  the  purpose  of  preventing 
mid-air  colli  'ins,  TCAS  is  intended  as  a  collision  avoidance  backup  to  the 
existing  sy;  er:  of  air  traffic  control. 

In  one  mode  of  operation,  illustrated  in  Fig.  1-1,  TCAS  would  prevent  a 
collision  between  two  aircraft,  each  equipped  with  a  unit  called  TCAS  II. 

Each  TCAS  II  would  sense  the  presence  of  the  other  aircraft,  measure  its 
location  (in  range,  altitude,  and  bearing),  detect  a  hazardous  situation  if 
one  develops,  and  then  display  a  resolution  advisory  (such  as  "climb"  or 
"descend")  to  the  pilot,  after  first  carrying  out  an  automatic  coordination 
between  the  two  aircraft  to  assure  that  the  action  taken  by  one  aircraft  will 
complement  the  action  taken  by  the  other  aircraft. 

As  illustrated  in  Fig.  1-1,  the  TCAS  II  also  affords  protection  against 
aircraft  equipped  with  either  Mode  S  or  existing  Secondary  Surveillance  Radar 
(SSR)  transponders.  For  Mode  S  transponders,  air-to-air  surveillance  is 
carried  out  in  Mode  S.  For  existing  transponders,  air-to-air  surveillance  is 
carried  out  in  Mode  C*  (using  Mode  C-only  interrogations,  to  which  Mode  S 
transponders  do  not  reply).  Mode  S  is  used  for  surveillance  of  other 
TCAS  II-equipped. 

The  TCAS  II  also  affords  protection  against  aircraft  equipped  with  TCAS  I 
which  is  a  simpler  form  of  TCAS.  In  these  cases,  there  is  no  automatic 
cordlnatlon  between  the  two  aircraft;  when  necessary,  the  TCAS  II  generates  a 
resolution  advisory  unilaterally,  and  In  all  respects  behaves  as  If  the  other 
aircraft  were  equipped  with  just  a  transponder. 

A  TCAS  II  installation  can  conceptually  be  divided  into  two  subsystems: 
(l)  surveillance  and  (2)  control  logic.  The  former  is  the  subject  of  this 
report . 


1.2  Air-to-Air  Sur  eil lance 


Air-to-air  surveillance  is  accomplished  by  transmitting  interrogations 
and  receiving  replies.  The  range  between  the  two  aircraft  is  determined  from 
the  time  elapsed  between  interrogation  transmission  and  reply  reception.  The 
altitude  of  the  target  aircraft  is  obtained  from  the  altitude  code,  which  is 
contained  in  the  reply.  Azimuth  relative  to  the  nose  of  own  aircraft  is 
obtained  by  a  direction  finding  antenna  which  is  part  of  the  TCAS  II 
Installation.  Azimuth  measurements  are  coarse  (standard  deviation  of  about 
10°),  and  are  used  in  a  traffic  display  but  not  in  the  control  logic. 


*  The  distinction  between  Mode  C  and  Mode  S  is  explained  in  Ref.  1. 
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The  FAA  is  also  developing,  separately  from  the  work  documented  here,  an 
"Enhanced  TCAS  II"  which  uses  a  more  accurate  direction  finding  antenna 
(standard  deviation  of  about  1°).  The  goal  of  that  development  is  to  achieve 
the  capability  for  Including  horizontal  resolution  advisories  in  the  control 
logic. 

The  altitude  of  the  target  aircraft  is  required  by  the  TCAS  II  unit  in 
order  to  generate  vertical  resolution  advisories.  Thus  transponder-equipped 
aircraft  that  are  not  altitude  reporting  cannot  participate  in  TCAS  in  thi9 
sense.  For  such  aircraft,  however,  TCAS  II  can  provide  a  measure  of 
protection  in  the  fora  of  traffic  advisories.  Here  the  display  indicates  to 
the  pilot  the  range  and  relative  bearing  of  the  target  aircraft.  Mode  C 
surveillance  of  such  non-altitude  reporting  aircraft  is  more  challenging  than 
in  the  altitude  reporting  case;  the  absence  of  an  altitude  measurement  along 
with  each  range  measurement  makes  it  more  difficult  to  form  tracks  from  the 
set  of  received  replies.  This  difficulty  has  been  addressed  in  the  TCAS 
development  program,  and  a  special  form  of  surveillance  processing,  tailored 
to  this  mode,  has  been  developed.  This  work  is  being  documented  separately. 

1.3  Surveillance  In  High  Aircraft  Densities 

The  design  of  the  air-to-air  surveillance  function  of  TCAS  II  builds  on 
the  previous  development  of  BCAS  (Beacon  Collision  Avoidance  System,  Ref.  2), 
by  the  addition  of  a  number  of  Improvements  to  accommodate  higher  aircraft 
densities.  The  BCAS  design  was  intended  for  operation  in  low  to  moderate 
densities  up  to  0.02  aircraf t/nmi2 .  This  value  of  density  is  not  exceeded 
throughout  most  of  the  airspace  in  the  United  States.  But  it  is  exceeded 
locally  in  major  metropolitan  areas.  Currently  in  parts  of  the  Los  Angeles 
Basin,  the  density  averages  about  0. I  aircraf t/nmi2 .  In  1981,  the  FAA  adopted 
a  change  in  the  airborne  collision  avoidance  concept,  signified  by  the  change 
in  name  from  BCAS  to  TCAS.  The  design  goal  for  aircraft  density  was  changed 
to  Include  the  major  metropolitan  areas  plus  an  allowance  for  future  growth  In 
air  traffic.  A  density  of  0.3  aircraf t/nmi2  was  adopted  as  the  specific 
goal. 

In  changing  the  BCAS  design  to  accommodate  this  higher  density,  a  number 
of  issues  had  to  be  considered.  Primary  among  these  is  the  issue  of 
synchronous  garble  in  Mode  C,  illustrated  in  Fig.  1-2.  Here,  TCAS  is 
performing  surveillance  using  omnidirectional  Mode  C  interrogations.  When 
received,  the  replies  from  a  particular  aircraf t-of-lnterest  will  be 
overlapped  by  replies  from  other  aircraft  at  approximately  the  same  range. 

This  is  called  synchronous  garble  because  the  desired  reply  and  the 
interfering  replies  are  triggered  by  the  same  interrogation.  If,  for  example, 
the  aircraft  of  interest  is  at  a  range  of  5  nmi  and  the  aircraft  density  is 
0. I  aircraft/sq.  real,  then  the  average  number  of  other  aircraft  near  enough  in 
range  to  cause  synchronous  garble  is  11.  It  is  impossible  to  reliably  detect 
a  reply  in  the  presence  of  11  overlapping  replies. 

A  conceptually  straightforward  technique  for  reducing  synchronous  garble 
is  directional  interrogation.  A  4-beam  antenna  can  be  used,  for  example,  and 
this  is  the  design  addressed  in  detail  in  this  report.  A  directional 


N  =  4ttRAD.  where: 


N  ■  number  of  at  craft  having  range  between  R  -  A  and  R  ♦  a. 
R*  range  of  target  of  Merest 

4*  1.7  nmi  (which  it  the  reply  lan£h  expreeaed  as  a  dtetance)  and 
D*  aircraft  density. 


Fig.  1-2.  Synchronous  garble. 


Interrogation  eliciting  a  reply  from  the  aircraf t-of-interest  (Fig.  1-2)  will 
not  elicit  taplies  from  other  aircraft  far  away  in  azimuth,  so  synchronous 
garble  is  reduced.  Additional  interrogations  transmitted  in  the  other  3  beans 
make  it  possible  to  track  these  other  aircraft  as  well. 

Another  technique  that  has  been  Investigated  for  reducing  synchronous 
garble  is  an  increase  in  the  number  of  whisper— shout  interrogations.  The 
whisper-shout  technique  is  described  in  depth  in  Sec.  3.1. 

1.4  Purpose  and  Overview  of  This  Report 

The  purpose  of  this  report  is  to  document  the  results  of  the  TCAS  II 
surveillance  development  program.  Chapter  2  outlines  the  issues  that  were 
addressed  and  the  surveillance  techniques  that  were  considered.  The  other 
chapters  describe  the  individual  investigations  and  their  results. 


OVERVIEW  OF  DESIGN  ISSUES 


The  TCAS  II  design  program  can  be  described  in  terras  of  a  number  of 
improvements  applied  to  BCAS  to  make  it  capable  of  operating  in  high  aircraft 
densities.  The  physical  mechanisms  (such  as  synchronous  garble)  that  would 
cause  perforaance  degradation  as  density  Increases  are  listed  in  Table  2-1. 

For  each  mechanism,  several  design  changes  were  considered.  These  are  also 
listed  in  the  table.  The  entries  in  Table  2-1  are  described  in  the  paragraphs 
that  follow. 


2.1.  Mode  C  Synchronous  Garble 


Synchronous  garble  is  a  problem  inherent  in  Mode  C  surveillance 
attributable  to  the  all-call  nature  of  the  Mode  C  interrogation.  Synchronous 
garble  results  in  incorrect  demodulation  of  altitude  codes  or  complete 
inability  to  detect  replies.  These  effects  reduce  the  probability  of  tracking 
aircraft  and  produce  false  tracks. 

2.1.1  Directional  Interrogation  and  Whisper-Shout 

The  two  main  techniques  identified  for  alleviating  synchronous  garble  are 
directional  interrogation  and  a  more  capable  form  of  whisper-shout.  These  are 
both  intended  to  partition  the  set  of  target  aircraft  into  smaller  sets  of 
aircraft  that  reply  to  a  single  interrogation.  Chapter  3  describes  the 
development  work  on  this  subject  that  led  to  a  particular  design  and  describes 
the  validation  of  this  design  through  airborne  measurements. 

2.1.2  Interference  Limiting 

The  Introduction  of  directional  interrogation  in  TCAS  II  required  that 
changes  be  made  in  the  Interference  limiting  standard.  Interference  limiting 
provides  bounds  on  permissable  combinations  of  Interrogation  rates  and  powers 
for  the  purpose  of  assuring  that  any  interference  effects  on  other  systems 
(such  as  SSR)  are  small  enough  to  be  negligible.  In  BCAS,  Interference 
limiting  consisted  of  a  condition,  involving  an  interrogator's  rate  and  power, 
that  had  to  be  satisfied  by  each  BCAS  interrogator.  The  condition  was  based 
on  a  criterion  limiting  the  reduction  in  transponder  reply  ratio  to  2  percent 
or  less.  Omnidirectional  interrogation  was  a  standard  condition  in  BCAS,  and 
this  condition  was  used  in  deriving  the  interference  limiting  inequality.  To 
provide  for  the  possibility  of  directional  interrogation  in  TCAS,  it  was 
necessary  to  re-examine  the  interference  limiting  issue.  The  work  done  in 
revising  the  Interference  limiting  standard  and  in  validating  the  results  is 
presented  in  Chapter  5. 

2.1.3  Surveillance  Processing  Improvements 

Several  additional  techniques  were  considered  for  improving  the  ability 
to  track  aircraft  in  a  synchronous  garble  environment  without  actually 
reducing  the  synchronous  garble  itself.  Such  techniques  include  the  use  of 
relative  bearing  angle,  and  whisper-shout  Index,  in  forming  and  extending 
t  racks . 
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TABLE  2-1 


POSSIBLE  DESIGN  CHANGES 


MECHANISMS  THAT  MAY 
LIMIT  PERFORMANCE 


POSSIBLE  CHANGES  IN 
TCAS  II  DESIGN 


POSSIBLE  CHANGES  IN 
SYSTEM  DESIGN 


synchronous  garble  •  interrogate  *  revise  Interference 

directionally  limiting  standard 

•  increase  whiBper-shout 
resolution 

®  Improve  surveillance 
processing 

•  increase  number  of 
reply  decoders 


fruit  •  key  MTL  to 

whisper-shout 
•  improve  surveillance 
processing 


false  squitter  •  test  confidence  •  change  squitter  format 

detections  -  •  test  relative  bearing 

and/or  amplitude 
•  reduced  use  of 
bottom  antenna 


orani  squitter  reception  •  use  multiple  beams  and  •  change  squitter  format 
limited  by  fruit  receivers 

•  use  error  correction 


interference  to  •  adaptively  reduce  power  •  revise  interference 

other  systems  •  limit  bean  limiting  standard 

•  optimize  Mode  S 
algorithms 

•  reduce  use  of 
bottom  antenna 

•  key  suppression  time  to 
antenna  and/or  power 

•  improve  interrogation 
decoder 

•  reduce  scan  rate 


false  tracks  •  reduce  role  of  bottom 

antenna 

•  improve  surveillance 
processing 


Another  technique  is  the  optimizal Ion  of  the  values  of  tracking  parameters, 
such  as  the  number  of  coasts  permitted  before  a  track  is  dropped*  These 
techniques  were  not  explored  simply  because  It  was  possible  to  achieve 
acceptable  performance  without  them. 

2.1*4  Increased  Number  of  Reply  Decoders 

Another  idea  considered  was  an  increase  in  the  number  of  reply  decoders. 
Pour  decoders  were  used  in  the  BCAS  equipment  built  by  Lincoln  Laboratory 
compared  to  three  decoders  in  the  BCAS  equipment  built  by  Dalmo  Victor 
(Ref.  3,  p.  82-3).  Conceivably  the  large  number  of  replies  received  in  high 
density  airspace  could  overload  the  bank  of  reply  decoders  and  real  replies 
would  be  lost  simply  because  of  insufficient  space  in  which  to  save  them.  On 
the  other  hand,  an  increase  in  the  number  of  reply  decoders  would  not  be 
expected  to  yield  a  major  improvement  In  tolerance  to  aircraft  density,  since 
the  additional  replies  to  be  saved  in  the  added  decoders  would  have  been 
received  in  a  severe  overlap  condition  and  would  in  most  cases  be  corrupted  by 
synchronous  garble.  Based  on  this  reasoning,  it  was  decided  to  not  pursue 
this  possible  improvement  in  favor  of  the  more  promising  improvements  that 
directly  reduce  synchronous  garble. 

Appendix  A  gives  the  results  of  measurements  of  the  reliability  of 
correctly  decoding  a  reply  in  the  presence  of  interfering  replies. 

2.2.  Fruit 


Asynchronous  replies  received  by  a  TCaS  unit  are  called  "fruit."  These 
are  replies  triggered  by  other  interrogators,  and  they  appear  in  all  reply 
modes.  When  a  Mode  C  fruit  reply  is  received  during  the  listening  period 
following  a  TCAS  II  interrogation  in  Mode  C,  then  by  Itself  it  is 
indistinguishable  from  a  desired  synchronous  reply*  It  is  the  function  of  the 
surveillance  processing  algorithms  to  distinguish  between  fruit  and 
synchronous  replies  In  establishing  cracks. 

In  the  BCAS  program  It  was  found  that  distinguishing  fruit  and 
synchronous  replies  is  readily  accomplished,  with  the  result  that  fruit 
effects  did  not  significantly  degrade  either  the  reliability  of  tracking  real 
aircraft  or  the  false  track  rate.  These  BCAS  results  apply  In  the  low  to 
medium  density  airspace  for  which  BCAS  was  intended. 

The  transition  from  BCAS  to  TCAS  changed  the  fruit  conditions 
considerably.  The  higher  aircraft  densities  into  which  TCAS  can  operate 
increase  fruit  rates  proportionately.  Furthermore,  both  the  use  of 
directional  interrogation  and  the  increase  in  the  number  of  whisper-shout 
Interrogations  Increase  the  number  of  reply  listening  periods,  and  thus 
increase  the  number  of  received  fruit  replies  for  a  given  fruit  rate. 

The  overall  increase  in  fruit  can  be  estimated  quantitatively  as  follows. 
An  increase  in  aircraft  density  from  0.02  to  0.3  aircraf t/nmi2  is  a 
fifteen-fold  increase.  The  particular  directional  whisper-shout  design  that 
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was  developed  in  this  program  uses  a  4-beam  antenna  and  a  total  of  83 
interrogations  per  scan  (where  a  scan  is  the  surveillance  update  period, 
nominally  1  sec.).  Since  BCAS  used  8  interrogations  per  scan,  the  number  of 
reply  listening  periods  is  Increased  by  a  factor  of  about  10.  Thus  in  each 
scan,  the  TCAS  II  unit  may  have  to  contend  with  150  times  as  many  fruit 
replies  as  BCAS. 


2.2.1  Keying  MTL  to  Whisper -Shout 

One  way  of  reducing  the  number  of  fruit  replies  received  is  by  keying  or 
matching  the  receiver  MTL  (minimum  triggering  level)  in  each  listening  period 
to  the  power  level  of  that  whisper-shout  interrogation.  Many  of  the 
whisper-shout  interrogations  are  transmitted  at  very  low  power  levels.  In 
such  a  case,  the  aircraft  that  reply  are  for  the  most  part  those  for  which  the 
antenna  gains  are  high.  For  example,  these  aircraft  may  be  at  high  elevation 
angles,  where  their  bottom-mounted  transponder  antenna  is  transmitting  in  a 
favorable  direction,  and  where  the  top-mounted  TCAS  II  antenna  la  receiving  in 
a  favorable  direction.  It  is  also  to  be  expected  that  for  some  targets  the 
antenna  pattern  ripples  will  by  chance  line-up  in  such  a  way  that  the  combined 
antenna  gain  is  substantially  greater  than  nominal.  For  these  reasons  the 
desired  replies  following  a  whisper-shout  Interrogation  of  low  power  are 
typically  received  at  relatively  high  power  levels.  Thus  a  raised  value  of 
MTL  is  appropriate  in  eliminating  fruit  while  still  allowing  the  desired 
replies  to  be  received.  This  techniq*w»  was  adopted  for  use  in  the 
experimental  equipment  tested  and  was  found  to  operate  successfully  as  shown 
In  Sec.  3.5,  which  presents  the  results  of  airborne  testing  with  this 
equipment . 


2.2.2  Surveillance  Processing  Improvements 


If  the  greatly  increased  fruit  background  were  to  cause  the  false  track 
rate  to  become  unacceptable,  it  would  be  appropriate  to  modify  the 
surveillance  processing  algorithms  to  create  a  more  favorable  balance  between 
false  track  rate  and  probability  of  tracking  real  aircraft.  These  possible 
improvements  have  not  been  explored  because  the  false  track  rates  experienced 
in  airborne  tests  have  remained  at  acceptable  levels,  as  reported  in 
Chapter  3. 


2.3  False  Squitter  Detections 

A  squitter  is  a  self-identifying  message  transmitted  spontaneously  by  a 
Mode  S  transponder.  When  received  by  a  TCAS  II  unit,  a  squitter  Indicates  the 
presence  of  that  aircraft  and  its  discrete  address,  which  can  then  be  used  in 
interrogating  the  aircraft  in  Mode  S.  In  the  BCAS  development  program,  it  was 
realized  that  there  was  some  possibility  of  receiving  false  squitter 
information.  That  is,  the  process  of  receiving  squltters  and  declaring  the 
presence  and  address  of  an  aircraft  would  occasionally  be  incorrect;  an 
aircraft  would  be  declared  with  the  wrong  address.  How  this  could  happen  is 
described  in  some  detail  in  Sec.  4.2.  As  a  consequence  of  false  squitter 
declarations,  unnecessary  interrogations  would  be  transmitted  based  on  these 
incorrect  addresses,  and  these  interrogations  would  use  up  part  of  the 
allowable  total  interrogation  rate,  thus  reducing  the  number  of  real  aircraft 
that  could  be  tracked. 
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In  BCAS  several  design  features  were  adopted  to  minimize  the  rate  of 
false  squltter  declarations.  One  was  simply  a  duplicate  test  that  was 
satisfied  only  when  at  least  2  squltter  receptions  indicated  exactly  the  same 
address.  Another  BCAS  feature  was  a  confidence  test  in  which  the  Mode  S  reply 
detector  circuit  declared  a  confidence  bit  along  with  each  data  bit  in  a 
detected  reply.  The  reception  was  used  in  squltter  declaration  only  if  21  or 
more  of  the  56  bits  were  flagged  as  high-confidence  (Ref.  3,  p.  29-32).  An 
assessment  of  the  final  design  of  BCAS  indicated  that  false  squltter 
detections,  while  possible,  were  Infrequent  enough  that  no  significant  problem 
would  result. 

The  transition  from  BCAS  to  TCAS  opened  this  issue  again.  The  very  much 
higher  aircraft  densities  into  which  TCAS  is  Intended  to  operate  will  increase 
the  rate  of  false  squltter  declarations  substantially.  One  reason  for  an 
increase  is  the  larger  number  of  Mode  S  aircraft  transmitting  squlttcrs,  each 
of  which  can  potentially  become  a  false  squltter  detection.  Another  reason  is 
the  higher  fruit  environment. 

2.3.1  Squltter  Format  Changed 

The  design  change  that  was  adopted  was  a  change  in  the  squltter  message 
format  to  Include  error  protection  coding.  Section  4.2  explains  how  this  was 
acctxsplished.  This  change  essentially  eliminates  the  false  squltter  problem 
altogether.  The  other  techniques  that  were  considered  (as  listed  in 
Table  2-1)  thus  became  unnecessary  and  are  not  Included  in  the  TCAS  II 
design. 


2.4  Omnidirectional  Squltter  Reception  Limited  by  Prult 

It  Is  appropriate  to  u6e  omnidirectional  reception  for  squltters  since 
their  bearing  angles  of  arrival  are  not  known  In  advance.  In  the  BCAS 
development  program  it  was  recognized  that  the  fruit  rates  received  by 
omnidirectional  BCAS  equipment  are  substantially  greater  than  fruit  rates  that 
are  typical  for  SSR  ground  stations.  This  difference  is  attributable  to  the 
omnidirectional  reception  in  BCAS  as  compared  to  mrrow-beam  reception  in  SSR 
ground  stations.  Furthermore,  the  omnidirectional  fruit  rates  in  medium  and 
high  density  airspace  are  high  enough  that  they  may  significantly  Impact 
reception  of  Mode  S  replies  and  squltters.  This  impact  can  be  described  as  a 
deterioration  of  receiver  sensitivity,  an  effect  described  quantitatively  in 
Sec.  4.  Study  of  these  effects  during  the  BCAS  program  showed  that  no 
significant  degradation  in  performance  would  result  in  the  aircraft  densities 
for  which  BCAS  was  designed. 

The  adequacy  of  omnidirectional  squltter  reception  in  high-density 
airspace  was  investigated  as  part  of  the  transition  from  BCAS  to  TCAS. 

2.4.1  Multiple  Beams  and  Multiple  Receivers 

Directional  receotion  would  reduce  the  fruit  rate  during  squltter 
listening  periods.  A  single  receiver  could  be  used  with  a  multi-beam 
directional  antenna.  In  which  case  the  receiver  would  have  to  be  time-shared 
among  the  different  beam  positions  as  is  typical  in  SSR.  For  squltter 
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reception,  however,  this  may  lead  to  a  problem  since  many  squitters  would 
arrive  at  the  TCAS  II  aircraft  fro®  directions  other  than  the  one  currently 
being  rec  ived.  One  solution  to  this  problea  would  be  to  increase  the 
standard  squitter  rate  above  the  value  t/sec.  adopted  in  BCAS.  But  such  a 
change  would  have  an  undesirable  impact  on  the  interference  aspects  of  TCAS 
design.  A  wore  costly  approach  would  be  to  use  multiple  receivers,  one  for 
each  antenna  beam. 

2.4.2  Error  Correction 


The  change  in  squitter  format  discussed  in  Sec.  2.3  (which  adds  error 
protection  coding  to  the  squitter  format)  brings  about  an  improvement  in  the 
performance  of  omnidirectional  squitter  reception,  if  an  error  correction 
function  is  added  in  the  TCAS  II  design.  The  error  correction  capability  Is 
useful  in  several  respects  and  has  been  adopted  in  the  TCAS  II  design.  As  a 
result,  the  omnidirectional  squitter  reception  (Sec.  4,7)  performance  is 
satisfactory,  and  it  is  not  necessary  to  invoke  directional  reception. 

2.5  Interference  to  Other  Systems 

Since  TCAS  interrogations  and  replies  will  be  transmitted  in  frequency 
bands  already  in  use,  the  possibility  that  TCAS  might  interfere  with  and 
degrade  the  performance  of  existing  equipment  was  considered.  It  is  necessary 
for  the  TCAS  development  program  to  limit  its  Interference  effects  and  to 
assure  that  such  electromagnetic  compatibility  will  in  fact  be  achieved.  In 
BCAS,  this  interference  issue  was  addressed  by  the  interference  limiting 
function  (described  Sec.  2.1),  and  by  a  comprehensive  computer  simulation 
performed  by  the  Electromagnetic  Compatibility  Analysis  Center  (ECAC).  But 
the  fact  that  TCAS  it  intended  for  use  in  high  density  airspace  made  this 
interference  issue  much  more  challenging  then  it  was  In  BCAS. 

2.5.1  Limiting  Standard  Revised 


Because  of  directional  interrogation  and  an  expanded  fora  of  whisper 
shout,  a  TCAS  II  unit  will  transmit  interrogations  at  a  considerably  higner 
rate  than  that  of  BCAS.  Tills  could  lead  to  a  problem  In  the  form  of  excessive 
self  suppression  of  own  transponder  (sometines  called  "mutual  suppression"). 

To  manage  this,  another  inequality  has  been  added  to  the  interference  limiting 
standard.  This  is  described  in  Sec.  5.1, 

Another  effect  is  that  the  replies  triggered  by  TcaS  will  constitute 
fruit  interference  to  other  systems.  Operation  in  high  density  airspace  makes 
this  effect  potentially  iruch  more  significant  in  TCAS  than  it  was  in  BCAS. 
Accordingly,  as  is  described  in  Sec.  5.1,  another  inequality  has  been  added  to 
the  Interference  limiting  standard  to  limit  the  maximum  amount  of  fruit 
generated  by  TCAS. 
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2.5.2  Adaptive  Power  Seduction 

There  is  s  fundamental  difference  between  BCAS  and  TCAS  regarding  the 
conditions  under  which  Interference  limiting  is  envoked.  BCAS  could  operate 
in  the  low  to  medium  density  airspace  for  which  it  was  designed  without 
reaching  the  Halting  point  of  the  standard;  thus  the  Halting  standard  served 
mainly  as  an  overload  control.  In  TCAS,  however,  the  interference  Halt  say 
be  reached  at  a  density  considerably  leas  than  the  maximum  design  density. 

Thus  when  TCAS  operates  in  an  area  of  maximum  density.  It  will  be  functioning 
with  reduced  Interrogation  rate  or  power  or  both.  The  reduced  power  la  still 
sufficient  to  achieve  acceptable  performance  because  of  the  natural 
correlation  between  density  and  closing  speed.  The  reasoning  for  this 
statement  is  as  follows. 

Closing  speeds  in  high  density  airspace  are  slgniflcanty  less  than  values 
typical  in  low  density  airspace,  aa  confirmed  in  airborne  measurements  (Bef. 

3,  p.  100-102).  The  goals  for  TCAS  II  design  have  been  selected  accordingly. 
In  low  density  airspace,  TCAS  II  will  be  capable  of  handling  closing  speeds  up 
to  1200  knots.  In  the  highest  density  airspace,  TCAS  II  will  be  capable  of 
handling  closing  speeds  up  to  500  knots.  Lower  closing  speeds  imply  shorter 
range  surveillance  because  sufficient  time  is  available  for  the  pilot  and 
aircraft  to  react  to  a  resolution  advisory.  A  shorter  range  requirement 
implies,  in  turn,  a  lower  interrogator  power.  Thus,  If  interference  limiting 
in  high  density  causes  the  Interrogator  power  to  be  reduced,  it  is  still 
possible  to  achieve  satisfactory  performance. 

This  qualitative  reasoning  provided  the  guidelines  for  the  TCAS  II 
development  effort.  Several  things  remained  to  be  worked  out  quantitatively: 

(I)  An  interference  limiting  algorithm,  which  is  a  part  of  a  TCAS  II 
unit.  The  algorithm  performs  power  reduction  aa  necessary  to  keep  within  the 
Interference  limiting  standard,  but  does  not  reduce  power  more  than  necessary 
and  sacrifice  long  range  performance.  The  development  of  this  algorithm  is 
described  in  Sec.  5.2. 

{2)  Estimation  of  the  amount  of  power  reduction  that  will  occur  in  high 
density.  This  has  been  estimated  through  simulation  to  be  about  3  to  6  dl  at 
low  altitudes  in  the  high  densities  for  which  TCAS  II  is  being  designed.  The 
detailed  result  is  described  in  Sec.  5.2. 

(3)  Assessment  of  surveillance  reliability  when  operating  at  the  reduced 
power.  This  has  been  addressed  in  several  ways:  airborne  measurements  in 
Mode  C  using  targets  of  opportunity  (described  in  Sec.  3),  reprocessing  of 
Mode  S  airborne  data  recorded,  using  a  simulation  of  high  density  effects 
(described  in  Sec.  A. 7). 


Directional  Interrogation*  in  Mode  C  can  be  beta  Halted  by  the  eldeiobe 
suppression  action  that  results  froa  the  use  of  P2  pulses.  This  laproves  the 
ability  to  reduce  synchronous  garble,  as  discussed  in  Sec.  3.2.  It  also 
reduces  the  level  of  fruit  interference  generate-'  rf  TCAS. 

2.3.4  Mode  S  Algorltha  Optialtation 

Mode  S  interrogations  are  controlled  by  algorithaa  that  decide  such 
things  as:  when  to  begin  interrogating  an  aircraft  whose  squltters  have  been 
received,  and  when  to  stop  interrogating  an  aircraft  after  it  reaches  long 
range  or  its  replies  becoae  unreliable.  The  TCAS  II  design  was  aore 
challenging  in  this  respect  than  the  BCA3  design  because  of  the  needed 
capability  for  high  density  operation.  Accordingly,  a  Mode  S  design  study  was 
undertaken,  with  the  goals  of  assessing  the  need  for  iaproving  the  algorithaa 
and  then  specifying  iaprovsaenta  as  necessary  to  sake  high  density  operation 
possible.  This  work  is  described  in  Chapter  4. 

2.5.5  Reduction  of  Bottom  Antenna  Role 


In  BCAS  the  top  and  bottom  antennas  were  used  equally:  the  same  nuaber 
of  interrogations  were  treneaitted  froa  each  and  with  the  saae  power  levels. 
However,  the  bo t too  antenna  wsa  found  to  be  significantly  inferior  to  the  top 
for  purposes  of  air-to-air  surveillance.  This  observation  suggested  that  a 
aore  efficient  design  would  be  achieved  by  reducing  the  role  of  the  bottoe 
antenna  relative  to  the  top,  and  that  such  an  Improvement  would  be 
particularly  significant  in  the  context  of  TCAS  II  where  Interference  Halting 
places  s  constraint  on  interrogation  rate  and  power.  Work  on  this  issue  is 
described  in  Sec.  3.3. 


2.5.6  Keying  Self  Suppreeelon  Tine  To  Antenna  end/or  Power 

In  BCAS  the  self  suppression  tine  (suppression  of  own  transponder 
functions  at  the  tlae  of  each  interrogation  transmission)  was  200  psec.  This 
constant  value  was  used  regardless  of  which  antenna  waa  being  used  for  the 
interrogation  and  regardless  of  the  interrogation  power.  The  interrogation 
itself  haa  a  duration  of  about  20  psec,  but  the  suppression  was  made  longer 
because  of  Multipath  effects  (Ref.  3,  p.  20-23).  Since  the  multipath  effects 
may  be  expected  to  be  more  severe  for  bottom  antenna  transmissions  and  more 
severe  for  high  power  transmissions,  the  design  could  be  made  more  efficient 
by  keying  the  suppression  time  to  antenna  and/or  power.  This  issue  has  been 
addressed  in  the  TCAS  program  through  airborne  measurements  of  the  duration  of 
multipath  backscstter.  This  work  is  described  in  Sec.  5.3. 

2.5.7  Improved  Interrogation  Decoding 

The  long  self  suppression  used  after  s  TCAS  interrogation  is  intended  to 
prevent  own  transponder  from  decoding  an  interrogation  when  multipath 
backscstter  is  received  immediately  following  the  transmission  of  sn 
interrogation.  Part  of  the  problem  is  due  to  the  fact  that  own  transponder's 
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Interrogation  decoder  nay  accept  an  erratic  nultipath  reception  that  has 
little  resemblance  to  a  valid  Interrogation.  Stricter  standards  could  be 
written  for  the  Interrogation  decoding  function  of  own  transponder,  so  that 
real  Interrogations  would  be  decoded  with  essentially  the  same  reliability  and 
yet  the  frequency  with  which  multipath  would  qualify  as  an  interrogation  would 
be  greatly  reduced.  This  would  make  it  possible  to  reduce  the  duration  of 
self  suppression,  which  in  turn  would  increase  the  allowable  interrogation 
rate  permitted  within  the  interference  limiting  standard.  It  was  found  that 
varying  the  self-suppression  time  was  sufficient  to  avoid  over-suppression  of 
the  on-board  transponder.  Thus,  transponder  design  changes  are  not 
necessary . 


2,5.8  Reduction  of  Scan  Rate 

BCAS  was  designed  with  a  scan  rate  of  1/second,  which  means  that  each 
track  of  an  aircraft  would  he  updated  with  a  new  position  measurement 
nominally  once  each  second.  An  obvious  change  that  might  be  considered  in 
transitioning  to  TCAS  is  to  reduce  the  scan  rate,  which  would  make  it  possible 
to  conduct  surveillance  on  a  larger  number  of  aircraft  within  the  same 
interference  limits.  It  was  determined  that  after  other  improvements  had  been 
made,  the  capability  of  the  resulting  TCAS  II  design  was  sufficient  to  meet 
the  interference  limiting  goals  /ith  a  one-second  scan  rate. 

2.6  False  Tracks 


A  false  track  is  a  surveillance  track  that  is  delivered  to  the  control 
logic  subsystem  but  that  does  not  correspond  to  a  real  aircraft.  In  TCAS  II 
as  in  BCAS,  there  are  no  false  cracks  in  Mode  S,  but  in  Mode  C  false  tracks  do 

occur.  The  mechanism  that  prevents  Mode  S  false  tracks  is  the  selectively 

addressed  interrogation  function;  unless  a  received  interrogation  agrees 
exactly  in  all  24  bits  with  a  transponder's  unique  address,  the  transponder 
will  not  reply. 

False  tracks  in  Mode  C  are  of  concern  because  of  the  possibility  that  a 
resolution  advisory  (RA)  may  be  triggered  by  a  false  track,  or  that  an  RA  that 
was  triggered  by  a  real  aircraft  may  be  modified  by  a  false  track.  Such 
"false  RAs"  were  very  rare  in  BCAS.  At  the  time  of  the  BCAS  Conference  in 

January  1981,  not  a  single  false  RA  had  occurred  in  all  of  the  airborne 

experience  which  consisted  of  several  hundred  flight  hours.  But  in  the 
context  of  TCAS  the  false  track  rate  is  expected  to  be  higher  for  several 
reasons:  one  is  the  higher  density  of  aircraft  and  higher  fruit  rate,  and 
another  i3  the  increase  in  the  number  of  fruit  replies  that  results  simply 
from  the  increased  number  of  interrogations.  Thus  design  changes  aimed  at 
false  crack  reduction  were  needed. 

2.6.1  Reduction  of  Bottom  Antenna  Role 


Since  many  of  the  false  tracks  observed  are  due  to  multipath,  and  sinne 
multipath  effects  are  consistently  more  severe  when  using  the  bottom  antenna, 
a  reduction  in  the  role  of  the  bottom  antenna  is  a  straightforward  way  of 
reducing  false  tracks.  This  technique  has  been  addressed  by  means  of  airborne 
measurements,  as  described  in  Sec.  3,3. 
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2.6.2  Surveillance  Processing  Improvements 


The  false  track  rate  can  be  affected  by  changes  In  the  surveillance 
algorithms.  For  example  the  fundamental  tradeoff  between  falsa  track  rate  and 
probability  of  miss  is  affected  by  tracking  parameters,  such  as  the  number  of 
scans  in  which  a  reply  must  be  received  before  a  track  is  established.  As 
described  in  Sec.  3.5.7,  changes  were  made  in  the  handling  of  multipath  tracks 
and  provisions  were  added  to  filter  out-of-beam  replies.  These  reduced  the 
false  track  rate  sufficiently  in  high  density  so  that  other  tracking  parameter 
changes,  which  would  have  reduced  the  probability  of  track,  were  not 
required. 


3.  SURVEILLANCE  IN  MODE  C 


This  chapter  describee  the  investigations  of  whisper-shout,  directional 
interrogation  and  the  other  surveillance  improvement  techniques  outlined  in 
the  preceding  chapter.  Results  of  experiments  are  given,  followed  by  a 
definition  of  the  TCAS  II  design  that  resulted.  The  chapter  concludes  with 
quantitative  performance  results  obtained  from  airborne  measurements  in  the 
Los  Angeles  Basin. 

3. I  Whisper  Shout 


The  purpose  of  whisper-shout  is  to  partition  or  subdivide  the  set  of 
synchronously  garbling  aircraft  so  that  fewer  will  reply  to  any  one 
interrogation. 

The  simplest  form  of  whisper-shout  is  illustrated  in  Fig.  3-1.  In  this 
2-level  whisper-shout,  the  purpose  is  to  divide  the  synchronous  garble 
population  into  two  approximately  equal  subsets.  The  first  interrogation*  is 
transmitted  at  a  relatively  low  power  level  so  that  approximately  half  of  the 
aircraft  in  the  synchronous  garble  range  band  will  receive  it  above  threshold. 
Thus  only  these  will  reply  to  the  first  interrogation,  and  the  synchronous 
garble  problem  will  be  reduced  by  a  factor  of  about  2  in  this  first  reply 
listening  period.  The  second  interrogation  is  transmitted  at  full  power  so  as 
to  be  detectable  by  all  of  the  aircraft.  But  this  interrogation  is  preceded 
by  an  additional  pulse,  denoted  SI,  of  power  level  nearly  equal  to  that  of  the 
first  interrogation.  The  purpose  of  S!  is  to  trigger  the  suppression  function 
in  those  transponders  that  replied  to  the  first  interrogation.  Thus  this 
first  set  of  aircraft  will  not  reply  again,  and  so  in  the  second  listening 
period,  the  synchronous  garble  problem  will  again  be  reduced  by  a  factor  of 
about  2.  To  make  sure  that  each  aircraft  replies  to  either  the  first  or  the 
second  interrogation,  the  power  of  SI  is  made  slightly  less  than  that  of  the 
first  interrogation,  thus  overlapping  the  two  reply  bands. 

In  the  BCAS  design,  a  4-level  form  of  whisper-shout  was  used,  illustrated 
in  Fig.  3-2.  It  may  also  be  noted  in  this  figure  that  there  are  two 
suppression  pulses  instead  of  the  one  (SI)  shown  in  the  preceding  figure. 

This  alternative  way  of  accomplishing  the  whisper-shout  suppression  was  used 
in  BCAS  because  it  allowed  more  tine  to  change  the  transmitter  power  level. 

It  will  be  shown  in  Sec.  3.2  that  when  directional  interrogation  is  used,  the 
single  pulse  suppression  i3  preferable. 

3.1.1  More  Capable  Forms  of  Whisper-Shout 

To  handle  the  very  much  higher  aircraft  densities  associated  with 
TCAS  II,  higher  resolution  whisper-shout  sequences  were  investigated.  It  is 
to  be  expected  that  increasing  the  number  of  interrogations  in  the 
whisper-shout  sequence  will  further  reduce  the  number  of  aircraft  that  reply 
to  a  single  interrogation. 


*  PI  and  P3  constitute  a  Mode  C  interrogation.  The  purpose  of  P4  is  to  cause 
Mode  S  transponders  to  not  reply;  these  aircraft  are  tracked  separately  in 
Mode  S. 
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second  second  reply 
interrogation  listening  period 


Simplest  form  of  whisper-shout 


To  verify  this  expectation,  airborne  measurements  were  undertaken 
comparing  the  BCAS  form  of  whisper-shout,  tn  which  the  interrogation  spacing 
is  6  dB,  to  a  higher  resolution  form  of  whisper-shout  in  which  the 
interrogation  spacing  is  2  dB.  Whereas  the  "overlap"  was  3  dB  in  BCAS  (that 
is,  the  suppression  was  3  dB  lower  in  power  than  the  preceding  interrogation), 
a  1  dB  overlap  was  used  in  the  higher-resolution  whisper-shout  sequence*  The 
experiment  was  conducted  by  alternating  between  the  two  sequences  so  that  data 
of  both  kinds  were  recorded  in  each  1-sec.  scan.  Results  from  these  airborne 
measurements  are  shown  in  Fig.  3-3.  The  plot  shows  the  average  number  of 
replies  per  interrogation  for  each  of  the  interrogations  in  the  sequence.  The 
results  indicate  that  the  higher-resolution  sequence  was  successful  in 
reducing  the  reply  counts  and  thus  would  significantly  alleviate  synchronous 
garble  effects. 

In  a  further  experiment  of  this  kind,  five  forms  of  whisper-shout  were 
compared.  A  description  of  this  experiment  is  best  stated  in  terms  of  the 
whisper-shout  "bin  width,"  which  is  the  difference  in  dB  between  an 
interrogation  and  the  associated  suppression.  In  the  original  BCAS  design, 
for  example,  the  bln  width  was  9  dB,  and  in  the  higher-resolution  sequence 
represented  in  Fig.  3-3,  the  bin  width  was  3  dB.  This  experiment  was  intended 
to  determine  if  the  number  of  replies  to  a  whisper-shout  interrogation  would 
be  roughly  proportional  to  bin  width. 

Airborne  measurements  were  conducted  alternating  each  second  between  five 
sets  of  whisper-shout  interrogations.  The  BCAS  design  was  included  as  one  of 
the  sets,  and  the  others  all  were  of  smaller  bin  widths,  namely  4  dB,  3  dB, 

2  dB,  and  1  dB.  The  results  are  shown  in  Fig.  3-4,  where  the  average  number 
of  replies  per  interrogation  are  plotted  as  a  function  of  bin  width.  These 
results  confirm  that  a  reduction  in  bin  width  causes  a  significant  reduction 
In  the  number  of  replies  per  interrogation.  This  relationship  holds 
consistently  in  all  of  the  points  plotted  in  Fig.  3-4. 

3.1.2  Baseline  Whisper-Shout  Design 

Based  on  these  favorable  results,  a  specific  whisper-shout  design  for  use 
in  TCAS  II  was  selected.  This  baseline  design  is  defined  in  Fig.  3-5,  where 
it  is  compared  with  the  4-level  BCAS  design.  The  new  design  has  24  levels, 
and  alternates  between  bln  widths  of  2  dB  and  3  dB.  In  selecting  this 
baseline  design,  it  was  necessary  to  consider  interference  limiting  (which  is 
the  subject  of  Chapter  5).  When  a  TCAS  II  aircraft  using  this  whisper-shout 
sequence  flies  into  an  area  of  aircraft  density  so  high  that  some  modification 
in  transmitted  interrogation  rate  or  power  is  required,  the  procedure  will  be 
simply  to  truncate  the  sequence  beginning  at  the  top.  This  will  reduce  the 
number  of  interrogations  per  second,  the  peak  interrogation  power,  and  the 
rate-power  product,  while  still  maintaining  an  effective  surveillance 
capability  for  most  of  the  aircraft  In  the  vicinity. 
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Airborne  measurements  with  an  experimental  form  of  whisper-shout. 
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Fig.  3-4.  Comparison  among  five  whisper-shout  sequences. 


Fig.  3-5.  Baseline  whisper-shout  design. 


Airborne  measurements  hive  been  carried  out  using  this  baseline  design. 
The  data  in  Fig.  3-6  are  typical  of  the  results  of  these  measurements.  As 
before,  the  measurements  were  set  up  in  the  form  of  a  comparison  with  the  BCAS 
design.  This  figure  shows  range  tracks  as  a  function  of  time.  It  is  seen 
that  there  are  numerous  cases  in  which  the  24-level  whisper-shout  achieved 
significantly  better  performance  than  BCAS. 

Section  3.5  below  describes  further  airborne  measurements  using  this 
24-level  whisper-shout  sequence,  in  this  case  in  the  LA  Basin.  Flights  were 
conducted  in  LA  in  order  to  experience  very  high  traffic  density  conditions. 
Performance  was  found  to  be  good,  and  the  results  support  the  conclusion  that 
the  baseline  whisper-shout  design  of  Fig.  3-5  is  suitable  for  TCAS  II. 

3.2  Directional  Interrogation 

Directional  interrogation  is  a  conceptually  straightforward  technique  for 
conhattlng  synchronous  garble.  A  directional  interrogator  elicits  replies 
from  aircraft  in  one  sector  at  a  time,  thus  significantly  reducing  the  number 
of  replies  per  interrogation. 

3.2.1  Beam  Limiting 


In  developing  a  specific  design,  an  initial  issue  to  consider  is  whether 
or  not  to  use  sldelobe  suppression  (SLR)  for  beam  limiting.  SLS  can  be 
implemented  by  incorporating  P2  pulses  in  the  interrogations,  as  is  normal  for 
ground  based  interrogators  (Fig.  3-7).  When  a  received  interrogation  is 
accompanied  by  a  P2  pulse  of  power  greater  than  the  interrogation,  the 
transponder  does  not  reply.  If  the  TCAS  II  interrogator  transmits  P2  pulses 
on  a  notched  pattern,  the  relative  powers  in  space  of  PI  and  P2  will  serve  to 
limit  the  region  of  replying  aircraft  to  just  the  mainbeam. 

If  sldelobe  suppression  is  not  used  with  a  directional  antenna,  the 
antenna  will  interrogate  to  some  extent  in  all  directions  (Fig.  3-7). 
Considering  the  modest  f ront-to-back  ratios  that  will  he  achievable  with 
airborne  antennas  of  reasonable  size,  it  is  concluded  that  directional 
transmissions  without  SLS  will  not  achieve  the  sector-by-sector  separation 
normally  associated  with  directional  Interrogation. 

Based  on  these  considerations,  transmit  sldelobe  suppression  has  been 
adopted  in  the  TCAS  design. 

3.2.2  Airborne  Experimentation 

A  4-beam  directional  interrogator  was  built  by  Dalroo  Victor  and  installed 
in  an  FAA  Boeing  727.  This  aircraft  was  also  equipped  with  an  omnidirectional 
TCAS  Experimental  Unit  (TEU,  built  by  Lincoln  Laboratory)  so  that  comparisons 
could  be  made  to  help  show  the  degree  of  improvement  derived  through 
directional  interrogation.  Interrogations  from  the  two  units  were  interleaved 
in  each  1  sec.  scan. 
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Fig.  3-7.  Effect  of  Sldelobe  Suppression  on  Directional  Transmit 


The  3-dB  beamwidth  of  Che  Dalmo  Victor  directional  antenna  is  about  90* 
in  each  of  the  four  directions,  which  are  aimed  forward,  right,  aft,  and  left. 
The  antenna  also  provides  a  notched  SLS  control  pattern  corresponding  to  each 
of  the  four  directional  beans.  An  omnidirectional  transmitting  pattern  is 
also  provided. 

Both  units  were  capable  of  transmitting  the  baseline  whisper-shout 
sequence  (shown  in  Fig.  3-5)  so  that  directional  interrogation  and 
high-resolution  whisper-shout,  could  be  tested  together  to  reveal  any 
Interactions  between  them.  In  fact  there  were  some  significant  interactions 
as  described  below. 

Both  units  were  configured  to  record  data  at  the  reply  level.  That  is, 
surveillance  tracks  and  control  logic  products  were  not  recorded. 

Surveillance  processing  was  carried  out  after  the  flights.  This  was  done  so 
that  the  limited  tape  recorder  capacity  could  be  used  most  effectively,  and  so 
surveillance  processing  could  be  kept  flexible  by  recording  data  that  did  not 
depend  on  surveillance  processing. 

The  flight  plans  included  provisions  for  a  mission  to  the  LA  Basin  in 
order  to  experience  the  very  high  aircraft  density  known  to  exist  there. 
Initial  airborne  experimentation  was  performed  in  the  Boston  to 
Washington,  D.C.  area,  to  validate  the  experimental  equipment,  and  to  gain 
experience  with  the  equipment  and  data  formats.  This  local  experimentation 
also  yielded  qualitative  performance  results,  which  were  supplemented  later  by 
the  flights  in  LA. 


3.2.3  Phantom  Mode  A  Interrogation 

As  airborne  data  began  to  be  collected,  one  of  the  first  things  noted  was 
a  problem  of  unwanted  replies  appearing  at  shorter  range  relative  to  the 
expected  replies  from  certain  aircraft.  After  examining  such  data  in  detail, 
it  was  concluded  that  the  mechanism  causing  these  unwanted  replies  Is  as 
follows  (see  Fig.  3-8).  The  interrogation  transmitted  by  the  directional  unit 
consisted  of  6  pulses,  as  shown.  The  Interrogation  is  identical  to  the  8CAS 
interrogation  (Fig.  3-2)  with  the  addition  of  a  P2  pulse  for  sidelobe 
suppression.  Note  that  for  these  experiments  the  whisper-shout  suppression 
was  transmitted  as  a  pair  of  pulses. 

Consider  a  scenario  in  which  there  is  a  particular  target  aircraft  and  an 
interrogation  being  transmitted  in  some  other  direction.  The  desired  reaction 
is  for  the  aircraft  to  not  reply,  because  of  sidelobe  suppression.  But  if  the 
interrogation  is  received  at  the  transponder  near  threshold  as  illustrated,  it 
becomes  possible  for  a  Mode  A  reply  to  be  triggered  by  the  combination  of  SI 
and  P2.  Such  replies  would  not  occur  if  the  transponder  threshold  transition 
were  abrupt,  such  that  a  pulse  is  detected  with  probability  zero  when  below 
threshold  and  probability  one  when  above.  If  the  threshold  were  abrupt  and 
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THRESHOLD 


a)  SI  were  received  below  threshold,  then  it  would  not  be  detected,  and 
cculd  not  contribute  to  an  interrogation  detection, 

SI  were  received  above  threshold,  then  S2  would  also  be  above 
threshold,  and  the  pair  would  put  the  transponder  into  suppression. 

Either  way,  there  would  be  no  reply.  In  reality,  however,  the  threshold 
behavior  is  not  abrupt.  There  is  a  band  caused  by  receiver  noise,  typically  2 
to  3  dB  wide,  over  which  pulse  detection  varies  from  zero  to  one.  Thus  when 
SI  is  received  in  this  band,  as  illustrated  in  Fig.  3-8,  it  is  possible  for  SI 
to  be  detected  and  S2  to  be  not  detected.  When  this  occurs,  the  transponder 
will  not  go  into  suppression,  and  a  subsequent  pulse  reception  may  combine 
with  SI  to  form  an  accepted  interrogation.  If,  as  in  this  scenario,  P2  is 
taceived  exactly  8  Usee  after  SI,  the  transponder  will  reply  in  Mode  A. 

The  conditions  that  allow  these  undesired  replies  are  present  only  when 
directional  interrogations  are  combined  with  high  resolution  whisper-shout. 

The  occurrence  of  the  8  usee  pulse  spacing  is  a  result  of  the  particular 
timing  in  this  implementation  of  SI  relative  to  PI.  Furthermore,  because  of 
the  high  resolution  whisper-shout  sequence  being  used,  it  is  likely  that 
several  of  the  interrogations  will  be  received  with  SI  in  the  threshold 
region. 

This  problem  can  be  cured  in  3  straightforward  manner  by  changing  the 
timing  of  the  whisper-shout  suppression.  In  considering  other  values  of  the 
time  between  SI  and  PI,  it  was  necessary  to  check  all  cf  the  defined 
interrogation  modes  to  be  sure  that  another  similar  problem  did  not  appear  in 
place  of  this  one.  Among  the  candidates  considered  were  the  single-pulse 
suppression,  illustrated  in  Fig.  3-9.  Here  the  first  twe  pulses,  SI  and  PI, 
act  together  to  suppress  transponders  whenever  SI  is  detectable. 

The  single-pulse  suppression  was  first  tested  at  Lincoln  Laboratory  using 
a  rooftop  antenna  driven  by  a  TEU.  This  test  employed  both  the  single-pulse 
suppression  aid  the  two-pulse  suppression,  Interleaved  in  each  1-second  scan. 
The  two  techniques  were  compared  against  the  same  aircraft  targets  and,  there 
was  no  difference  in  surveillance  performance.  The  directional  interrogator 
unit  was  then  modified  by  Dalmo  Victor  t.o  use  the  single-pulse  suppression. 

In  all  of  the  airborne  testing  that  has  followed,  no  unforseen  problems  have 
appeared,  and  the  unwanted  early  Mode  A  replies  have  been  eliminated. 

3.2.4  Beam  Limiting  Near  Threshold 

Another  observation  that  was  made  when  airborne  data  first  became 
available  involves  the  mechanism  of  beam  limiting  near  t”  msponder  threshold. 
SLS  limits  the  beamwidth  over  which  transponders  repl>  to  any  one 
interrogation.  In  chosing  the  P2  power  level,  it  is  necessary  to  ensure  that, 
for  every  transponder,  the  beamwidth  is  sufficiently  lai ge  to  prevent  gaps 
between  beams.  Because  the  National  Standard  permits  a  9  dB  tolerance  in  ;he 
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Pl-to-P2  power  test*,  It  was  originally  concluded  that  the  transmitted  P2 
power  would  have  to  be  quite  low,  and  that  as  a  result  the  reply  beamwidth  for 
typical  transponders  would  be  much  larger  than  90°.  The  end  result  might  be  a 
relatively  small  amount  of  improvement  attributable  to  directional 
interrogation. 

As  airborne  data  became  available  it  was  realized  that  there  is  an 
important  relationship  between  SLS  and  whisper-shout  that  affects  the 
uniformity  of  beam  limiting.  This  is  illustrated  in  Fig.  3-10.  The 
transponder  will  reply  only  when  Si  is  just  below  threshold  and  PI  is  just 
above  threshold.  In  this  scenario,  P2  is  received  slightly  above  PI  -  9  dB. 
According  to  the  National  Standard,  reply  is  optional.  But  in  actuality, 
since  P2  is  well  below  threshold  the  transponder  will  reply. 

Based  on  this  realization,  the  power  level  of  P2  transmissions  was 
increased  from  a  level  4  dB  below  PI  to  the  same  level  as  PI.  Furthermore  it 
was  concluded  that  reply  beamwidths  will  be  more  uniform  from  transponder  to 
transponder,  and  that  the  performance  improvement  attributable  to  directional 
interrogation  will  be  somewhat  better  than  was  originally  expected. 

The  degarbling  performance  of  directional  interrogation  can  be  estimated 
quantitatively  as  follows.  Based  on  antenna  patterns  measured  in  an  anechoic 
chamber  prior  to  Installation,  and  for  an  interrogator  transmitting  with  P1/P2 
-  0  dB, 

reply  beamwidth  =  125°  if  THR  -  0  dB 
122°  if  THR  -  i  dB 
118°  if  THR  =  2  dB 
115°  if  THR  -  3  dB 
111°  if  THR  =  4  dB 

where  THR  is  the  transponder  P1/P2  reply  threshold.  Because  of  the 
whisper-shout  action,  THR  is  at  most  a  few  dB  for  the  interrogations  eliciting 
replies.  An  average  value  of  THR  is  about  1  dB,  and  the  corresponding  value 
of  beamwidth  can  be  taken  as  an  es  imate  of  the  effective  average; 

effective  average  beamwidth  =  122° 

360° 

improvement  factor  =  -  =  2.9 

122° 

3.2.5  Late  Mode  C  Replies 


The  first  airborne  data  also  revealed  another  problem.  The  set  of 
received  replies  was  seen  to  contain  unwanted  replies  appearing  at  longer 
range  (by  about  1/6  mile)  relative  to  the  desired  replies  from  certain 
aircraft.  It  was  determined  that  these  unwanted  replies  were  caused  by  the 
mechanism  illustrated  in  Fig.  3-11.  The  combination  of  P2  and  P4  acts  like  a 
Mode  C  interrogation,  producing  a  Mode  C  reply  that  is  late  by  2  usee. 

4  Reply  is  required  when  P2  <  ?1  -  9  dB.  Reply  is  prohibited  when  P2  >  PI. 
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SPECIFICATION:  REPLY  OPTIONAL. 


SCENARIO:  TARGET  OUT  OF  MAINBEAM 
DESIRED  REACTION:  tlO  REPLY 

ACTUAL  REACTION:  LATE  MODE  C  REPLY  (INTERMITTENT) 


Fig.  3-11.  Late  Mode  C  replies. 


Such  replies  had  not  been  anticipated,  based  on  an  abrupt  threshold 
model:  If  PI  is  received  above  threshold,  and  P2  exceeds  PI  as  in  the 
illustration,  then  these  two  pulses  would  both  be  detected  and  they  would  put 
the  transponder  into  suppression  (which  is  the  normal  SLS  mechanism).  If  PI 
is  received  below  threshold,  then  P4  would  also  be  below  threshold  and  would 
not  contribute  to  the  late  Mode  C  interrogation. 

To  understand  how  these  unwanted  replies  can  be  triggered,  it  Is 
necessary  to,  once  more,  view  the  transponder  threshold  as  a  band  rather  than 
an  abrupt  transition.  When  PI  is  received  in  the  threshold  band,  it  is 
possible  for  PI  to  be  missed  and  yet  P4  to  be  detected.  Whenever  this 
happens,  an  unwanted  late  Mode  C  reply  will  result. 

Such  a  mechanism  will  of  course  be  intermittent,  and  this  is  consistent 
with  the  observed  airborne  data:  The  number  of  late  Mode  C  replies  is 
approximately  15%  of  the  number  of  desired  replies  received. 

Two  cures  were  considered.  First,  one  might  transmit  PI  at  a  higher 
power  level  than  P3  and  P4,  perhaps  by  1  dB.  Alternatively,  the  unwanted 
replies  could  be  removed  in  surveillance  processing,  using  the  2  usee  spacing 
as  a  means  of  identifying  them.  It  was  found  that  the  experimental 
interrogator  being  used  could  not  readily  be  modified  to  change  PI  power 
relative  to  Lhe  other  pulses,  and  for  this  reason  it  was  decided  to  remove  the 
replies  in  surveillance  processing.  However,  the  unwanted  replies  will  still 
be  present  in  the  set  of  received  replies  and  will  constitute  additional 
synchronous  garble. 

Since  it  is  the  purpose  of  directional  interrogation  to  reduce 
synchronous  garble,  these  late  Mode  C  replies  will  slightly  reduce  the 
effectiveness  of  the  technique.  The  improvement  factor,  estimated  to  be  2.9 
in  the  preceding  section,  may  be  expected  to  be  reduced  to  approximately 

net  improvement  factor  ■  2.9/1.15  -  2,5 


3.2.6  Example  from  Airborne  Data 


The  initial  airborne  data  was  also  examined  for  reasonableness  in  regard 
to  directional  Interrogation.  It  was  expected  that  examples  could  readily  be 
found  in  which  an  encounter  with  a  target  aircraft  produced  replies  first  to 
one  beam,  then  another,  and  then  possibly  a  third.  In  fact,  such  examples 
were  immediately  apparant,  one  of  which  i9  shown  in  Fig.  3-12.  This  target 
aircraft  first  appears  ahead  and  slightly  to  the  right  (judging  from  the 
azimuth  values  recorded).  It  passed  to  the  left,  coming  as  close  as  about  1.5 
nmi.  Replies  are  shown  in  the  figure  as  range  vs.  time,  with  replies  to 
interrogation  in  different  beams  plotted  separately.  This  reply  data  shows 
that  initially  only  the  front  beam  elicited  replies  from  this  aircraft.  Later 
the  left  beam  did,  and  finally  the  back  beam  did,  consistent  with  the  flight 
path.  There  are  no  gaps  at  the  beam  transitions. 
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TRACES 


3*2.7  Suraary 


These  initial  airborne  experiments  proved  to  be  very  worthwhile.  They 
revealed  three  new  mechanisms: 

•  early  Mode  A  replies 

•  beam  limiting  near  threshold 

*  late  Mode  C  replies 

all  of  which  relate  to  the  combined  use  of  directional  interrogation  with  high 
resolution  whisper-shout,  and  whose  understanding  is  important  to  successful 
use  of  directional  interrogation.  Understanding  these  mechanisms  led 
immediately  to  several  changes  in  design: 

*  change  to  1-pulse  suppression 

•  Increase  P2  power 

*  add  filter  in  surveillance  processing  to 
eliminate  late  Mode  C  replies 

With  these  changes  in  place,  and  with  the  assurance  provided  by  examples  as  In 
Fig.  3-12  that  the  behavior  of  directional  interrogation  is  reasonable,  the 
next  step  was  to  conduct  further  airborne  measurements  in  high  density 
airspace.  This  was  carried  out  by  flights  in  the  LA  Basin  as  described  in 
Sec.  3.5. 


3.3  Role  of  the  Bottom  Antenna 

As  of  January  1981,  there  had  been  no  instances  in  which  n  false  track 
caused  a  false  alarm  or  modified  a  real  alarm.  This  was  encouraging  since  the 
airborne  testing  had  amounted  to  several  hundred  hours  of  experience  by  that 
time.  Even  so,  it  was  realized  that  Mode  C  false  tracks  do  occur  and  that 
therefore  some  false  and  modified  alarms  would  eventually  occur.  During  the 
next  two  years,  the  airborne  experience  Increased  by  many  more  hundreds  of 
hours,  and  in  that  time,  several  Instances  of  false  and  modified  alarms  have 
been  observed.  The  data  recorded  in  Piedmont*  aircraft,  for  example.  Includes 
about  900  hours,  and  in  this  data  there  is  one  Instance  of  a  modified  alarm 
and  no  Instances  of  isolated  false  alarms.  In  addition,  a  considerable  amount 
of  testing  has  been  done  by  the  FAA  Technical  Center  on  the  East  Coast  and  in 
the  Chicago  area,  and  by  Lincoln  Laboratory  in  the  Boston  area.  In  this 
additional  data  there  have  been  8  instances  of  false  alarms. 


In  the  Piedmont  Phase  I  operational  evaluation  a  TCAS  II  unit  was  installed 
on  two  Boeing  727  aircraft  and  carried  during  normal  operations.  The  TCAS  II 
advisories  were  not  displayed  to  the  pilots. 
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These  false  alarms  have  been  studied  individually  and  categorized 
according  to  the  mechanisms  causing  the  false  tracks.  The  results  are  given 
in  Table  3-1.  The  results  show  that  the  largest  single  source  of  false  alarms 
was  multipath.  That  is,  for  a  real  aircraft  that  is  being  tracked,  reflection 
from  the  ground  or  water  gave  rise  to  a  second  track. 

Since  multipath-induced  false  tracks  are  mainly  associated  with  the 
TCAS-1I  bottom  antenna,  it  became  appropriate  to  consider  reducing  the  role  of 
the  bottom  antenna.  By  reprocessing  the  recorded  data  from  all  of  the 
instances  of  multipath  false  alarms,  it  was  found  that  4  of  the  5  occurrences 
would  have  been  eliminated  by  deleting  the  3  highest-power  bottom 
interrogations  (that  is,  by  reducing  the  bottom  antenna  interrogation  power  by 
18  dB). 

In  considering  a  reduction  of  the  role  of  the  bottom  antenna  to  reduce 
false  tracks,  it  is  necessary  to  know  what  the  effect  would  be  on  the 
reliability  of  tracking  real  aircraft.  An  experiment  was  set  up  to  gather 
airborne  data  lor  a  performance  comparison  between  a  design  using  top  and 
bottom  antennas  equally  and  a  design  that  reduces  the  role  of  the  bottom 
antenna.  The  interrogation  sequences  to  be  compared  were  selected  to  have  the 
same  total  number  of  interrogations  and  the  same  power-sum*,  both  of  which  are 
quantities  constrained  by  interference  limiting  (Sec.  5.1).  The  results  of 
several  measurements  of  this  type  showed  that  reduced-bottom  designs  perform 
nearly  as  well  as  the  equal-use  design,  having  surveillance  reliability  that 
is  less  by  only  about  2  or  3  percent  while  reducing  false  track  rate  by  a 
large  factor.  In  one  of  the  experiments  (Fig.  3-13),  the  reduced -bottom 
design  is  the  whisper-shout  sequence  being  adopted  for  TCAS  II 
(see  Fig.  3-15),  and  here  the  performance  reduction  is  just  2.3  percent  (of 
track-seconds  for  aircraft  within  -  10*  in  elevation  angle). 

Since  the  reduced-bottom  design  achieves  a  reduction  of  about  5:1  in 
false  tracks  with  less  than  a  3%  reduction  in  real  tracks,  it  has  been 
included  in  TCAS  II. 

3.4  Power  Reduction 


In  very  high  density  airspace,  closing  speeds  are  reduced  and  thus  the 
range  requirements  of  TCAS  II  are  reduced.  Under  these  conditions  it  should 
be  possible  to  reduce  the  interrogation  power  level.  Indeed,  to  conform  with 
the  interference  limiting  standards,  it  will  be  necessary  in  some  cases  to 
reduce  power  by  as  nwch  as  6  dB.  It  was  Important  to  determine  the  amount  of 
degradation  in  surveillance  reliability  that  will  result. 

This  has  been  addressed  by  both  analysis  and  airborne  measurements.  The 
analysis  uses  the  method  documented  in  Ref.  4,  The  airborne  data  was  obtained 
by  reprocessing  whisper-shout  data  already  recorded,  omitting  the  higher  power 


*  Power  sum  Is  the  sura  over  a  1  second  period  of  the  interrogation  powers 


Isolated 
false  alarms 

Modified 
real  alarms 


TABLE  3-1 

VEILLANCE  FALSE  ALARMS 


Piedmont  data 
(900  hours) 


other 

airborne  data 


1  -  synch,  garbl 
3  -  other 


1  -  multipath 


4  -  multipath 


COMPARISON: 


DATA: 


TOP 

14 

VS. 

24 

BOTTOM 

14 

4 

New  York  area,  40  min.,  13  August  1982 


RESULT  OF  DECREASING  BOTTOM  ANTENNA  ROLE: 

PROBABILITY  OF  TRACK  decrease  by  2.3% 

FALSE  TRACKS  decrease  by  a  large  factor .  * 


*5:1  reduction  of  false  alarms  in  Piedmont  Phase  t  data. 


Fig.  3-13.  Role  of  bottom  antenna  -  airborne  data. 
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levels.  The  airborne  results  for  a  6-dB  power  reduction  are  summarized  in 
Fig.  3-14  together  with  the  analytical  results,  Tbe  quantity  plotted  is  the 
amount  of  decrease  in  the  percentage  of  aircraft  in  track.  The  agreement 
between  calculation  and  measurement  is  reasonably  good  considering  the 
variability  in  the  data  points.  Ibe  data  shows  that  when  interrogation  power 
is  reduced  by  6  dB,  it  is  still  possible  to  achieve  effective  surveillance  at 
ranges  up  to  about  5  nmi. 

3.5  Airborne  Measurements  in  the  Los  Angeles  Basin 

After  investigation  of  high  density  surveillance  techniques  Individually, 
the  next  step  was  to  assemble  these  techniques  into  a  baseline  design  and  test 
the  design  by  flying  in  the  Los  Angeles  Basin. 

The  measurements  were  conducted  as  described  in  Sec.  3.2.2.  The  baseline 
directional  design  for  surveillance  in  Mode  C  has  the  characteristics  listed 
in  Fig.  3-15,  with  the  exception  that  it  was  not  possible  to  key  MTL  to 
whisper-shout  using  this  directional  equipment  (see  Sec.  2.2).  The  baseline 
omnidirectional  design  is  the  same  except  for: 

•  full  power  ■  54  dBm 

•  full  sensitivity  “  -74  dBm 

•  whisper-shout,  top  -  24  levels  (see  Fig.  3-15,  top-forward) 

bottom  -  as  in  Fig.  3-15 

•  MTL  keyed  to  whisper-shout,  as  in  Fig.  3-15 
3.5.1  Truth 


The  measurements  were  based  on  targets  of  opportunity.  Use  of  data  from 
ground  based  sensors  for  establishing  a  data  base  of  truth  was  considered. 
However,  in  view  of  the  poor  surveillance  reliability  of  such  ground  based 
equipment  relative  to  the  reliability  of  the  experimental  airborne  equipment, 
and  the  fact  that  the  test  aircraft  had  two  independent  operating  sensors 
using  two  pairs  of  antennas,  it  was  decided  that  truth  would  best  be  derived 
from  the  data  tapes  recorded  by  the  two  TCAS  interrogators.  This  was  done 
using  a  manual  process  involving  a  number  of  computer-generated  plots  of 
replies  and  tracks, 

3.5.2  Flight  Path 


The  flight  path  through  the  LA  Basin  is  shown  in  Fig.  3-16.  It  passed 
directly  through  the  Long  Beach  area  which,  based  on  earlier  data  (Ref.  5), 
was  expected  to  be  the  location  of  highest  aircraft  density.  The  flight  path 
also  passed  over  LA  International  Airport  (LAX),  and  through  the  San  Fernando 
Valley,  passing  between  the  general  aviation  airports  at  Van  Nuys  and  Burbank, 
which  are  well  known  for  high  density  of  general  aviation  traffic. 
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KEY: 


•  NY  data 
O  Atlanta  data 


Fig.  3-14.  Performance  using  reduced  power. 


Top  antenna 


Bottom  antenna 


•4  beams  (forward,  right,  left,  aft) 

•  90*  beaawidth 

•  transmit  SLS ,  P1-P2  crossover  at  approx.  *60* 

•  angle-of-arrival  on  reception 

•  omnidirectional  aonopole 


Interrogation  power  •  top-forward  radiated  power  at  azimuth  peak:  455  dS 

relative  to  a  0  dBm  monopole 
•  bottom:  54  dBm  radiated 


Receiver  IfTL 


Whisper-shout 


a  top-forward,  at  azimuth  peak:  -75  dB  relative  to  a 
0  dBm  aonopole 

•  bottom:  -74  dB  relative  to  a  0  dBm  aonopole 
m  top-forward,  24  levels  (0  dB,  see  table) 

a  top-right,  20  levels  (-4  dB,  table  minus  first  4  entries) 

•  top-left,  20  levels  (-4  dB,  table  minus  first  4  entries) 

•  top-aft,  15  levels  (-9  dB,  table  minus  first  9  entries) 

a  bottom,  4  levels  (-18  dB,  see  table) 


index  i 

1  (top) 

2  (top) 

3  (top) 

4  (top) 

5  (top) 

6  (top) 

7  (top) 

8  (top) 

9  (top) 

10  (top) 

11  (top) 

12  (top) 

13  (top) 

14  (top) 

15  (top) 

16  (top) 

17  (top) 

18  (top) 

19  (top) 

20  (top) 

21  (top) 

22  (top) 

23  (top) 

24  (top) 

1  (bot,) 

2  (bot.) 

3  (bot.) 

4  (bot.) 


power  levels 
full  power. 
Interrogation 


in  dB  relative  to 
full  sensitivity 
suppression  receiver 


power 

-3 

-3 

-5 

-5 

-7 

-7 

-9 

-9 

-11 

-11 

-13 

-13 

-15 

-15 

-17 

-17 

-19 

-19 

-21 

-21 

-23 

-23 

-25 

none 

-21 

-23 

-25 


MT1> 

0 

0 

0 

0 

0 

0 

0 

-1 

-2 

-3 

-4 

-5 

-6 

-7 

-8 

-9 

-10 

-11 

-12 

-13 

-14 

-15 

-16 
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-14 

-16 
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*not  actually  implemented  in  the  Dec.  1982  testa 


Fig.  3-15.  Baselnm  TCAS  I  design  for  tMttoQ  in  LA. 
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Altitude  wa3  constant  at  5500  feet  for  about  50%  of  the  data  and  8500 
feet  for  the  remainder.  In  addition,  several  takeoffs  and  landings  were 
included  in  the  mission;  each  day's  flying  included  two  takeoffs  from  LaX 
(where  the  Boeing  727  was  based),  two  landings  at  LAX,  and  a  low  approach  at 
Lo'  g  Beach, 


3.5.3  Aircraft  Density 

The  bulk  of  the  flying  was  on  a  weekend  (4-5  December  1982)  so  as  to 
experience  the  highest  aircraft  density.  Fortunately,  the  weather  was 
relatively  clear  due  to  a  severe  storm  that  had  passed  through  the  region 
several  days  before.  It  was  good  flying  weather,  conducive  to  a  high  density 
cf  aircraft. 

The  data  tapes  show  that  the  aircraft  density  was  in  fact  quite  high. 
Figure  3-17  shows  density  values  observed  during  one  pass  of  the  route  from 
north  to  south.  The  average  density  (including  all  transponder  equipped 
aircraft)  is  seen  to  be  about  0.1  per  nmi2.  Peaks  over  0.2  were  observed 
occasionally.  About  half  of  these  aircraft  are  altitude  reporting.  These 
values  are  generally  consistent  with  density  measure  ents  made  previously 
(Ref.  5). 


3.5.4  Advisory  Rate 

A  number  of  instances  were  observed  in  which  an  aircraft  passed  close  by. 
In  many  of  these  cases,  the  aircraft  came  close  enough  to  trigger  a  traffic 
advisory  (TA)  or  resolution  advisory  (RA).  The  test  aircraft  did  not  respond 
to  these  KAs.  Four  such  instances  occurred  during  the  time  period  plotted  in 
Fig.  3-17,  and  these  are  marked  in  the  figure. 

The  overall  rate  of  RAs  was  2.2  per  hour,  which  is  very  high  relative  to 
the  rate  that  would  be  experienced  during  an  operational  flight.  For  example, 
in  the  Piedmont  Phase  I  flights,  the  RA  rate  was  1/37  hours.  This  difference 
is  largely  a  consequence  of  the  flight  path  adopted  for  these  experiments;  the 
aircraft  remained  in  the  high  density  airspace  and  at  low  altitude  all  the 
time,  whereas  an  operational  flight  is  in  such  airspace  only  a  small  fraction 
of  the  time. 

3.5.5  Antenna  Problem 


Several  months  after  the  mission,  it  was  discovered  that  a  problem  had 
developed  in  the  directional  antenna  subsystem.  The  problem  was  a  leakage  of 
water  into  both  top  and  bottom  antenna  units.  As  a  result,  the  anrenna 
patterns  were  distorted  and  may  have  also  changed  with  time  to  some  extent. 

An  estimate  of  the  top  antenna  patterns  as  they  existed  during  the  LA  mission 
is  shown  in  Fig.  3-18.  These  patterns  were  obtained  by  an  indirect  technique 
that  makes  use  of  detailed  whisper-shout  data.  Figure  3-18  should  be  regarded 
as  an  approximation  since  azimuth  extimates  made  by  the  same  antenna  were  used 
in  constructing  these  figures.  The  front  beam  is  seen  to  be  much  hlgher  in 
gain  than  the  other  three  beams,  whereas,  by  design,  all  four  were  to  t>e 
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AZIMUTH  (degrees) 

8.  Measured  antenna  patterns. 


identical*  It  is  also  seen  that  the  front  beam  is  narrower  than  expected. 
Nevertheless  the  antenna  did  succeed  in  directionally  interrogating  target 
aircraft  and  in  producing  azimuth  measurements  that  appear  to  be  serviceable 
in  spite  of  the  water  leak. 

3.5.6  Case  Studies 


Contained  in  the  data  recorded  in  LA  are  a  number  of  close  encounters 
that  occurred  by  chance.  A  set  of  19  close  encounters  that  occurred  in  a 
2-hour  period  was  analyzed  in  detail,  where  the  criterion  for  being  a  close 
encounter  was  that  the  aircraft  came  within  2  nmi  in  range  while  being  within 
1200  ft  in  altitude. 

Performance  in  tracking  these  aircraft,  each  for  the  50-second  period 
leading  up  to  the  point  of  closest  approach,  is  shown  in  Pigs.  3-19  and  3-20. 
In  Pig.  3-19  each  D  signifies  the  event  that  the  target  aircraft  is  in  track 
by  the  directional  unit  for  one  scan  (one  second).  The  figure  also  lists  the 
aircraft  density  within  5  nmi  during  the  encounter.  In  most  of  the  encounters 
the  target  was  in  track  continually  throughout  the  50  sec.  period.  There  were 
a  few  instances  of  gaps  or  late  track  initiations.  The  overall  percentage  of 
time  during  which  the  target  was  in  track  in  this  data  set  is  97%.  In 
Fig.  3-20  each  0  represents  the  condition  of  being  in  track  by  the 
omnidirectional  unit  for  one  scan.  Qualitatively,  the  results  here  are  the 
same,  and  here  too  the  overall  reliability  is  97%.  In  both  cases  the 
performance  is  very  good. 

3.5.7  False  Tracks 


There  were  no  false  alarms  In  the  LA  data  set.  That  is,  at  no  time  did  a 
false  track  satisfy  the  conditions  for  generating  a  resolution  advisory  or  a 
traffic  advisory.  There  were,  however,  some  false  tracks.  These  were  studied 
to  determine  the  false  track  rate  for  tracks  within  ±10°  in  elevation  angle 
and  between  3  and  5  nmi  In  range.  Results  from  84  minutes  of  data  are  given 
in  Table  3-2  (in  the  row  marked  "original  design").  As  a  percentage,  the 
false  track  rates  for  both  systems  are  much  higher  than  the  values  seen  in  the 
bulk  of  earlier  data.  In  particular,  the  omnidirectional  system  percentage  is 
larger  by  30:1  relative  to  the  BCAS  performance  during  the  1980  Eastern  tour. 
There  are  a  number  of  factors  that  would  be  expected  to  cause  this  percentage 
to  be  different. 

Factors  that  would  increase  false  track  percentage:  (1)  Higher 
fruit  environment,  and  FTTght  path  that  stays  constantly  in  high 
density.  (2)  More  severe  multipath  environment  in  LA,  and  flight 
path  that  remains  constantly  at  lew  altitude.  (3)  More 
whisper-shout  Interrogations,  and  as  a  result,  more  fruit  replies 
for  a  given  fruit  environment.  (4)  Relatively  high  proportion  of 
non-altitude-reporting  aircraft  in  LA.  These  contribute  to  the 
false  track  rate*  (numerator)  but  not  to  the  number  of 


*Non-altitude-reporting  aircraft  contribute  to  false  tracks,  both  with  and 
without  altitude.  The  effect  of  Interest  here  is  the  contribution  to  tracks 
with  altitude. 
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CASE  DENSITY 


OVERALL  RELIABILITY  =  97* 
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Fig.  3- 1 8.  Nineteen  close  encounters  in  LA  -  directional  performance. 
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Rg.  3-20.  Mneteen  close  encounters  in  LA  -  omnidrectionaJ  performances. 


TABLE  3-2 


ORIGINAL 

DESIGN 


IMPROVED 

DESIGN 


FALSE  TRACK  RATE, 

LA  BASIN 

DIRECTIONAL 

OMNIDIRECTIONAL 

487  track  sec. 

214  track  sec. 

6.7Z 

2.9Z 

79  track  sec. 

139  track  sec. 

1.1Z 

1.9Z 

Notes: 

•  traffic  “  7350  aircraft  seconds 

•  For  comparison.  In  the  1980  Eastern  Tour 
the  false  track  rate  was  0. 1Z. 


altitude-reporting  aircraft  (denoninator) ,  and  so  tend  to  Increase 
the  percentage. 

Factors  that  would  decrease  false  track  percentage:  (1)  Reduced  use 
of  botton  antenna. 

Two  changes  to  the  surveillance  algorithms  appeared  to  be  warranted  and 
were  tried.  One  was  a  change  In  the  multipath  elimination  algorithm  to  permit 
it  to  work  with  non-sea-level  reflectors.  Another  change  (applicable  only  to 
the  directional  unit)  is  azimuth  filtering.  This  filtering  discards  any  reply 
whose  azimuth  Is  inconsistent  with  the  interrogation  direction.  Together, 
these  changes  reduced  the  false  track  rate  considerably,  to  the  values  given 
in  the  second  row  of  Table  3-2. 

Such  changes  would  be  expected  to  degrade  detection  performance  to  some 
extent.  However,  It  was  found  that  the  effects  on  surveillance  reliability 
were  Insignificant,  and  in  fact  the  excellent  performance  shown  in  Figs.  3-19 
and  3-20  was  obtained  after  these  changes  were  made.  Thus  these  changes  have 
been  adopted  into  the  baseline  TCAS  II  design. 

3.5,8  Statistical  Analysis 

A  statistical  analysis  was  undertaken  with  the  goal  of  assessing 
surveillance  reliability  as  a  function  of  traffic  density  and  estimating  the 
degree  of  improvement  attributable  to  the  directional  antenna.  The  data  set 
was  divided  into  one-minute  segments,  and  for  each  the  maximum  traffic  density 
was  determined,  for  this  purpose,  traffic  density  was  computed  as  the  number 
of  aircraft  between  2  and  5  nmi  divided  by  21*.*  The  aircraft  count  included 
all  transponder  equipped  aircraft,  whether  or  not  they  were  altitude 
reporting.  The  counting  involved  a  detailed  manual  procedure  based  on 
computer  plots  of  replies  and  tracks  from  both  experimental  systems. 
Probability  of  track,  P(T),  was  estimated  as  the  percentage  of 
aircraft-seconds  during  which  the  aircraft  was  in  track,  limiting  attention  to 
aircraft  within  -  10°  in  elevation,  angle  between  3  and  5  nmi  in  range,  and  for 
which  both  own  aircraft  and  the  target  aircraft  were  at  least  600  feet  above 
ground  level. 

This  study  was  performed  omnidirectionally  (that  is,  without  noting  the 
azimuths  of  the  targets),  and  for  this  reason  the  same  peak  power  was  used  In 
each  of  the  four  beams.  The  baseline  TCAS  II  design,  on  the  other  hand,  uses 
different  powers  in  the  four  bearnt :  highest  in  the  front,  less  to  the  sides, 
and  still  less  aft  (Pig.  3-15).  Thus  relative  to  the  baseline  design, 
additional  interrogations  in  the  back  and  side  beams  were  added  for  this 
study. 


The  results  are  given  in  Figs.  3-21  and  3-22  along  with  a  curve  showing 
measured  BCAS  performance  for  comparison  (Ref.  3).  These  results  were 
obtained  prior  to  the  algorithmic  changes  associated  with  false  tracks  and 
prior  to  a  discovery  that  the  lowest  power  omnidirectional  interrogation  had 


*  21*  is  the  area  of  the  anular  ring  between  2  and  5  nmi. 
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Fig.  3-21.  Performance  measured  in  LA  -  drectfonal  design- 
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AIRCRAFT  COUNT  (R  =  2  TO  5  nmi) 


DENSITY  (AIRCRAFT, 'nmi2) 


Fig.  3-22.  Performance  measured  in  LA  -  onmhflrecttonal  design. 


inadvertently  been  omitted.  When  the  data  were  reprocessed  using  a  -18  d3 
interrogation  as  a  replacement  for  the  missing  interrogation  and  using  the 
revised  algorithms,  the  overall  average  value  of  p(T)  for  the  omnidirectional 
design  rose  from  90%  (as  narked  in  the  figure)  to  92%.  For  the  directional 
design  the  average  remained  at  90%. 

The  data  in  Figs.  3-?l  and  3-22  suggest  the  following  observations:  (1) 
for  both  omnidirectional  and  directional  units,  performance  is  significantly 
better  than  that  of  the  original  BCAS  design.  (2)  Because  of  the  scatter  of 
data  points,  the  rate  of  degradation  vs.  traffic  density  is  not  evident  in 
either  case.  It  would  take  an  environment  considerably  more  dense  before  a 
significant  degradation  would  become  apparent.  (3)  The  results  for  the 
directional  unit  do  not  Indicate  an  Improvement  relative  to  the 
omnidirectional  unit.  The  degraded  antenna  performance  together  with 
insufficient  aircraft  density  may  account  for  this.  A  more  detailed 
examination  of  directional  performance  is  described  in  the  "whisper-shout 
profiles"  section  below. 

3.5.9  Effect  of  Elevation  Angle 

In  the  course  of  the  statistical  analysis  of  probability  of  track,  P(T), 
it  became  evident  that  many  of  the  “targets-of -interest"  (ill.0)  were  at  veiy 
low  altitude,  near  the  cutoff  at  -10°.  A  quantitative  study  (Fig.  3-23) 
confirmed  that,  in  fact,  about  one  half  of  all  targeta-of-interest  were  in  the 
band  -5  to  -10°.  This  observation  suggested  that  the  ±10°  definition  may  lead 
to  a  pessimistic  assessment  of  TCAS  II,  relative  to  its  performance  in  an 
operational  environment. 

An  elevation  angle  comparison  was  made  of  this  data  vs.  the  elevation 
angles  experienced  in  case  studies  of  real  mid-air  collisions*,  and  vs.  the 
resolution  jdvlsory  encounters  in  the  Piedmont  Phase  I  data.  The  comparison 
Indicates  (Fig.  3-23)  that  Indeed  the  *10*  analysis  is  pessimistic;  an 
analysis  based  on  a  *5°  definition  would  be  more  representative  of  operational 
perf  or.jance . 

The  P(T)  analysis  was  repeated  using  a  *5°  elevation  angle  definition  for 
targets'-of-interest ,  and  s  significant  Increase  in  the  values  of  P(T) 
resulted.  The  overall  average,  which  vac  89%  for  *i0°,  rose  to  95%  for  *5*. 
This  result  is  more  consistent  with  the  excellent  performance  seen  above  in 
the  19  case  studies. 

3.5.10  Wl.lsper-Shout  Profiles 

One  of  the  main  objectives  of  the  airborne  measurements  In  Los  Angeles 
was  to  assess  TCAS  performance  using  directional  interrogation,  and  in 
particular  to  assess  the  degree  of  improvement  relative  to  use  of 
omnidirectional  whi s per -shout .  The  statistical  study  of  P(T)  vs.  density  did 
not,  however,  reveal  any  significant  improvement  achieved  by  the  directional 


•From  a  set  of'  T5 


actual  mid-air  collisions.  Ref.  6.,  pp.  C-l  through  C-3 


SES 


PIEDMONT-PHASE  I. 


R  =  3  to  5  nmi 


ELEVATION  ANGLE 

Note:  Of  the  15  actual  nid-air  cofitsione  Identified  in  Ref.  6,  two  were  in  this  range 
band,  3  to  5  nmi,  tit  35  aec.  prior  to  coiision:  occnred  at  Duarte,  CA,  and 

@  which  occurred  at  Carmel ,  N.Y.  Since  $3)  involved  two  ati  carrier  aticraft,  it  is 
shown  here  as  two  points,  corresponding  to  the  use  of  TCAS  by  first  one  aircraft 
and  then  the  ofr-r.  Since(3)nvo*ved  lust  one  air  carrier  aircraft,  it  ie  shown  here 
as  one  port. 


Fig.  3-23.  Elevation  angles  of  TCAS  targets. 
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design.  This  result  was  partially  true  because  both  designs  performed  well  in 
the  LA  environment.  Measurements  in  a  higher  density  environment  (if  cne 
existed)  might  have  revealed  a  performance  improvement.  The  hoped-for 
Improvement  was  explored  further  by  met  ns  of  an  Indirect  method  based  on  an 
analysis  of  whisper -shout  characteristics.  This  method  makes  use  of  the 
whisper-shout  profiles  shown  in  Figs.  3-24  and  3-25.  These  figures  display 
the  number  of  replies  per  interrogation  as  s  function  of  whisper-shout  index. 

3.5.10.1  Fruit  Rate 


The  first  step  was  to  try  to  distinguish  between  fruit  and  synchronous 
replies  since  their  effects  are  very  different;  it  is  only  the  number  of 
synchronous  replies  that  nay  be  expected  to  be  reduced  through  the  use  of 
directional  interrogation.  To  estimate  fruit  rate,  a  whisper-shout  profile 
was  formed  for  the  range  band  0.1  to  1.1  nmi ,  a  close-in  region  where  few 
synchronous  replies  would  be  received.  The  results  plotted  in  Fig.  3-24  have 
characteristics  that  would  be  expected:  less  fruit  during  sweeps  in  which  MTL 
was  elevated  (Fig.  3-15).  Quantitatively,  the  relationship  agrees  with  a 
uniforra-in-range  model  of  aircraft  traffic. 

The  fruit  rate  received  by  the  directional  unit,  3200/sec.  (Fig.  3-25), 
was  considerably  less  than  that  received  by  the  omnidirectional  unit, 
11200/sec.  (Fig.  3-24).  This  implies  a  reduced  sensitivity,  which  is  probably 
a  result  of  the  degradation  in  antenna  performance  (due  to  water)  described 
above.  The  amount  of  Che  degradation  can  be  estimated  as  follows.  According 
to  antenna  measurements  made  by  Dalmo  Victor  prior  to  installation,  the  peak 
gain  of  the  directional  antenna  was  +2  dB  relative  to  an  ideal  monopole.  Thus 
the  azimuth-average  gain  was  about  +1  dB  relative  to  a  monopole.  Cable  losses 
were  3  dB  for  both  systems.  MTL  values  were  measured  as: 

MTL,  directional  unit  ■  -75  dBm 

MTL,  omnidirectional  unit  *  -79  dBm 

Together,  the  differences  add  up  to: 


Antenna  gain  +1  dB 

Cables  0  dB 

Receiver  MIL  -4  dH 


Total  -3  dB 


That  Is,  the  measurements  of  the  equipment  prior  to  airborne  testing  indicated 
that  the  directional  unit  would  be  less  sensitive  to  fruit  by  3  dB.  The 
airborne  results  in  FigB.  3-24  and  3-25  imply,  however,  that  the  directional 
unit  was  actually  less  sensitive  to  fruit  by  about  10  dB  (this  value  obtained 
by  noting  in  Fig.  3-24  the  omnidirectional  UTL  shift  such  that  the  fruit  rates 
are  equal).  The  7  dB  difference  between  the  prediction  (3  dB)  and  the 
measurement  (10  dB)  is  an  estimate  of  the  degradation  attributable  to  the 
water  in  the  antenna. 
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F*0>  3-24.  Whisper  -*hout  profiles  for  omnkflrectional  interrogator. 


It  may  also  be  noted  from  Pig.  3-24  that  under  nominal  conditions 
(omnidirectional  MIL  «  -77  dBm,  cable  ■  3  dB),  the  fruit  rate  would  be  about 
9000  replies/sec. 

3.5.10.2  Synchronous  Replies 

The  lowest  of  the  three  curves  plotted  in  Fig.  3-24  and  in  Fig.  3-25  can 
be  considered  to  indicate  fruit  replies,  and  the  differences  between  the  other 
data  points  and  the  lowest  curve  can  be  considered  to  indicate  synchronous 
replies.  Synchronous  reply  data  are  shown  for  two  range  bands,  1  to  3  nmi  and 
3  to  5  nmi . 


3.5.10.3  Results 


Examination  of  the  plotted  data  leads  to  the  following  observations. 

(1)  The  directional  data  resembles  the  bell-shaped  curve  seen 
previously  in  similar  data  (Fig.  3-3)  except  that  the  fall-off  on  the  right 
side  is  not  apparant.  This  is  probably  due  to  the  sensitivity  degradation 
caused  by  the  antenna. 

(2)  Both  units  exhibit  an  alternating  high-low  characteristic,  which 
is  to  be  expected  as  a  result  of  the  alternation  between  2-dB  and  3-dB 
whisper-shout  bins  (Fig.  3-15).  This  provides  additional  evidence  that  a 
change  in  bin  size  from  3  dB  to  2  dB  produces  a  significant  reduction  in 
number  of  replies  per  interrogation. 

(3)  A  dip  is  evident  in  the  omnidirectional  data  around  the  region 
where  interrogation  attenuation  is  14  dB.  This  has  been  explained  by 
consideration  of  previous  measurements  showing  the  accuracy  of  the 
whisper-shout  attenuator.  This  data  shows  a  discontinuity  in  the  attenuator 
characteristic,  occurring  between  15  dB  and  16  dB  (presumably  because  of  the 
switching  of  all  5  bits  at  that  transition).  Of  all  the  whisper-shout 
interrogations,  only  those  at  13  dB,  14  dB,  and  15  dB  span  this  discontinuity, 
and  because  they  do  span  it,  they  would  be  expected  to  have  bin  sizes  smaller 
than  nominal.  The  dip  seen  in  Fig.  3-24  agrees  with  this  expectation. 

(4)  For  the  omnidirectional  design,  the  whisper-shout  sequence  does 
not  extend  sufficiently  low  in  power  to  reach  a  point  where  reply  density  is 
small.  The  lowest  power  interrogation,  at  -23  dB  (inadvertently  omitted  In 
these  measurements)  would  gather  an  undesirably  large  number  of  replies.  It 
may  be  concluded  that  the  sequence  should  be  extended  at  the  low  end  to 
approximately  -30  dB. 

(5)  The  average  number  of  replies  to  one  interrogation  has  in  fact 
been  reduced  by  the  Introduction  of  directional  Interrogation.  The  reduction 
factor,  based  on  the  region  of  highest  reply  density,  and  calculated 
separately  for  the  two  range  bands,  is: 

Reduction  factor  »  2.4  for  range  »  1  to  3  nmi 

2.4  for  range  =  3  to  5  nmi 
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Tills  Is  close  to  the  anticipated  Improvement  factor  of  2.5  (Sec.  3.2). 

In  summary,  examination  of  these  whisper-shout  profiles  has  yielded 
several  useful  results:  a  measure  of  the  fruit  environment  In  the  LA  Basin; 
an  estimate  of  the  degradation  in  receiving  sensitivity  resulting  from  water 
in  the  directional  antenna;  additional  evidence  of  the  effectiveness  of 
whisper-shout;  a  conclusion  that  the  whisper-shout  sequence  should  bn  extended 
at  the  low  end;  and  an  estimate  of  the  degarbling  effectiveness  of  directional 
interrogation. 


4. 


SURVEILLANCE  IN  HODE  S 


4.1  Introduction 


4.1.1  Functional  Requirements 

The  function  of  the  Mode  S  surveillance  processor  is  to  identify  and 
track  Mode  S-equlpped  aircraft.  The  implementation  of  this  function  is 
constrained  by  the  requirement  that  the  TCAS  transmissions  not  cause  undue 
interference  to  other  services  in  the  1030/1090  MHz  bands. 

In  Section  5.1,  the  above  constraint  is  translated  into  limits  upon  the 
interrogation  power  and  rate  of  the  system.  When  the  normal  operation  of  tin? 
surveillance  processor  would  cause  these  limits  to  be  violated,  the 
interrogation  limiting  algorithm  described  in  Section  5-2  exercises 
pre-emptive  control  to  ensure  that  they  continue  to  be  satisfied.  Since  the 
primary  purpose  of  this  control  Is  to  protect  other  aviation-related 
activities  it  does  not  ensure  that  the  desired  level  of  collision  protection 
is  maintained.  Thus  it  is  Important  that  the  design  of  the  surveillance 
processor  provide  satisfactory  collision  protection  in  the  required  operating 
environment  when  this  control  is  present.  Since  each  Mode  S  aircraft  is 
Individually  addressed,  this  becomes  more  difficult  as  the  density  of  aircraft 
increases.  The  design  used  for  BCAS,  which  emphasized  early  interrogation  of 
all  detected  aircraft,  cannot  provide  satisfactory  collision  protection  for 
the  aircraft  densities  in  which  TCAS  is  required  to  operate. 

To  satisfy  the  constraints  and  provide  adequate  collision  protection  in 
high  aircraft  densities  it  is  necessary  to  restrict  interrogations  to  only 
those  aircraft  that  might  pose  a  collision  threat.  The  opportunity  to 
distinguish  between  threatening  and  non-threatening  aircraft  without 
interrogating  them  is  provided  by  the  reception  of  Mode  S  transmissions  that 
are  either  replies  to  other  interrogations  or  are  spontaneously  emitted.  The 
former  are  called  fruit,  the  latter  are  called  squltters.  In  particular,  a 
crude  measure  of  an  aircraft's  range  is  provided  by  the  frequency  with  which 
the  transmissions  received  from  it  exceed  a  given  rate  threshold.  Also, 
aircraft  altitude  is  contained  within  replies  to  surveillance  interrogations. 
Thus  an  aircraft  need  be  Interrogated  only  if  these  parameters  indicate  that 
it  could  be  a  collision  threat  within  the  time  interval  that  is  required  for 
planning  and  executing  evasive  maneuvers. 

To  see  how  this  information  can  be  used  by  the  surveillance  processor.  It 
is  helpful  to  think  of  each  Mode  S-equipped  aircraft  as  falling  into  one  of 
three  categories  as  depicted  in  Fig.  4-1.  Category  I  contains  those  aircraft 
that  could  become  collision  threats  to  the  TCAS-equipped  aircraft  if  evasive 
action  is  not  taken.  The  immediacy  of  this  possible  threat  dictates  that 
aircraft  in  this  category  be  interrogated  regularly  and  tracked  so  that 
evasive  maneuvers  can  be  taken.  At  the  other  extreme.  Category  III  contains 


Fig. 4-1.  Levels  of  threat 
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those  aircraft  that  are  rarely,  If  ever,  interrogated.  This  nay  occur  either 
because  the  unsolicted  transmissions  received  from  then  Indicate  that  they 
cannot  become  collision  threats  for  some  considerable  tine,  or  because  little. 
If  anything,  is  known  of  their  presence.  For  the  surveillance  processor  to 
provide  acceptable  collision  protection  it  must  only  rarely,  if  ever,  allow 
aircraft  that  are  near-term  threats  to  be  assigned  to  Category  III. 

Finally,  Category  II  contains  those  aircraft  that  were  previously  in 
Category  III  but  whose  threat  potential,  as  assessed  from  their  unsolicited 
transmissions,  has  increased  to  the  point  where  more  information  concerning 
their  fjectory  must  be  obtained  by  interrogating  them.  This  is  a  transient 
category.  Aircraft  are  reassigned  to  either  Category  I  or  III  after  the 
interrogation  has  been  made. 

To  obtain  good  collision  protection  the  unsolicited  information  received 
from  an  aircraft  must  be  processed  so  that  the  transition  from  Category  III  to 
II  to  I  Is  accomplished  in  time  to  allow  evasive  maneuvers  to  be  taken. 
However,  to  limit  Interference,  as  many  aircraft  as  possible  should  be  kept  in 
Category  III.  If  this  is  not  done,  the  collision  protection  provided  by  the 
system  may  itself  be  seriously  degraded  by  the  interrogation  limiting 
algorithm.  Finally,  the  number  of  aircraft  that  are  assigned  to  Category  I 
should  be  as  small  as  possible  while  ensuring  that  all  collision  threats  are 
Included  in  that  category. 

The  algorithms  that  cause  aircraft  to  be  assigned  to  the  three  categories 
must  strike  a  balance  between  these  conflicting  goals.  Equally  Important  are 
the  interrogation  patterns  used  in  Categories  I  and  II.  A  reduction  in  the 
power  or  rate  of  the  TCAS  interrogations  will  reduce  interference  to  other 
services,  but  will  also  reduce  the  collision  protection  provided. 

In  the  sections  that  follow,  the  design  approach  that  led  to  a 
satisfactory  balance  is  described.  First,  the  broad  structure  of  the  system 
is  specified.  Then  the  design  of  the  blocks  within  that  structure  is 
discussed  in  more  detail.  Most  of  the  system  parameters  were  determined 
either  by  application  of  design  ground  rules  or  by  simulation  studies. 

Finally,  the  performance  of  this  design  is  verified  by  simulation  and  by  using 
data  from  airborne  encounters  as  inputs  to  a  software  implementation  of  the 
system. 


4.1  2  System  Structure 


The  categories  described  above  correspond  to  a  structure  for  the 
surveillance  processor  that  Involves  four  states*  to  which  a  detected  aircraft 


*The  term  state,  rather  than  category,  is  used  to  differentiate  the  system's 
assessment  of  the  threat  posed  by  an  aircraft  from  the  actual  threat. 
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can  be  assigned.  The  states  are: 

1.  Monitor  state 

2.  Acquisition  state 

3.  Track  state 

4.  Dormant  state 

The  acquisition  and  track  states  correspond,  respectively,  to 
Categories  II  and  I  in  Fig.  4-1.  The  two  remaining  states  correspond  to 
Category  III.  The  monitor  state  is  for  aircraft  that  are  judged  to  be 
non-threats  based  only  upon  the  information  gained  from  the  reception  of  their 
unsolicited  transmissions.  The  dormant  state  is  for  aircraft  that  have  been 
judged  to  be  non-threats  after  their  range  has  been  determined  by 
Interrogation. 

The  structure  of  the  surveillance  processor  is  related  to  the  four  states 
as  shown  in  Fig.  4-2.  Detected  aircraft  are  initially  assigned  to  the  monitor 
state  upon  the  detection  of  their  unique  ID.  They  remain  in  this  state  until 
the  rate  of  reception  of  their  unsolicited  transmissions  Indicates  either 
that : 

1.  They  are  so  far  removed  fron  the  TCAS  aircraft  that  they  are  not  an 
immediate  threat  to  it: 

or 

2.  They  may  Le  a  threat  and  the  altitude  information  received  from  them 
re-enforces  this  conclusion. 

In  the  first  instance,  the  aircraft  ID  is  removed  from  the  system  files  and 
any  further  receptions  of  it  are  treated  as  though  it  had  not  previously 
existed.  In  the  second  Instance,  the  aircraft  is  assigned  to  the  acquisition 
state. 


Aircraft  that  have  been  assigned  to  the  acquisition  state  are 
interrogated  until  either: 

1.  An  acceptable  reply  is  obtained;  or 

2.  It  appears  that  such  a  reply  will  not  be  forthcoming. 

In  the  first  instance,  the  additional  information  obtained  from  the  reply  is 
used  to  mere  accurately  assesR  the  threat  posed  by  the  aircraft.  The  aircraft 
is  then  assigned  to  the  track  state  if  the  threat  is  significant  and  the 
aircraft  is  assigned  to  the  dormant  state  if  it  cannot  become  a  threat  for 
some  considerable  time*. 

In  the  second  instance,  the  aircraft  is  reassigned  to  the  monitor  state 
since  continued  interrogations  may  cause  the  interrogation  limiting  algorithm 
to  degrade  the  collision  protection  against  all  aircraft.  The  reassignment 


*As'  discussed  In  Sections  4.4  and  4.5,  the  monitor  state  is  sometimes 
assigned. 
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DECREASING  THREAT 


Fig.4-2.  Structure  of  the  Mode  S  surveillance  processor 


of  the  aircraft  to  the  aonitor  state  would  be  of  marginal  value  If  It  were 
unaccompanied  by  a  change  in  the  conditions  under  which  the  aircraft  would, 
once  again,  be  assigned  to  the  acquisition  state.  However,  for  a  properly 
operating  systea,  the  fact  that  a  reply  was  not  obtained  from  the  aircraft 
implies  that  its  range  was  greater  than  had  been  thought.  Thus,  it  should  not 
have  been  assigned  to  the  acquisition  state  in  the  first  place  and  should  not 
be  reassigned  to  the  state  until  the  reception  of  its  transmissions  indicate 
that  its  range  has  decreased  significantly.  Thus,  the  conditions  under  which 
an  aircraft  is  changed  from  the  aonitor  state  to  the  acquisition  state  should 
depend  upon  the  number  of  times  it  has  been  re-assigned  to  the  aonitor  state 
after  an  unsuccessful  interrogation.  Similarly  the  number  of  unsuccessful 
interrogations  for  which  the  state  is  changed  to  aonitor  from  acquisition 
should  vary  according  to  the  number  of  times  that  change  has  recently  been 
made. 


When  an  aircraft  has  been  assigned  to  the  track,  state  it  is  interrogated 
regularly  and  tracked.  This  process  continues  until  it  is  certain  that  a 
collision  with  that  aircraft  cannot  occur  for  some  considerable  time.  The 
aircraft  is  then  assigned  to  the  dormant  state*. 

Targets  assigned  to  the  dormant  state  are  not  interrogated  since  they 
cannot  become  collision  threats  for  some  considerable  time.  This  assignment 
Is  changed  to  the  monitor  state  when  there  is  any  possibility  that  the 
aircraft  has  become  a  near-term  threat,  as  indicated  in  Fig.  4-2. 

4.1.3  Design  Constraints 

Given  the  system  structure  shown  in  Fig.  4-2,  it  remains  to  specify: 

1,  The  algorithms  that  are  used  to  determine  when  the  aircraft  state 
should  be  changed,  and, 

2.  The  operations  performed  for  aircraft  in  each  of  the  four  states. 

Both  of  these  specifications  are  strongly  influenced  by  the  information 
that  the  system  is  allowed  to  use  concerning  the  position,  motion  and 
capabilities  of  aircraft  and  the  system  parameters  that  can  be  varied 
dynamically. 

To  draw  upon  the  experience  obtained  from  flight  tests  of  BCAS  it  was 
decided  to  constrain  this  study  of  minimum  TCAS  II  design  in  a  number  of 
respects.  These  constraints  are  listed  in  Table  4-1  and  are  discussed  below. 

A  major  impact  of  the  first  group  of  constraints  is  to  exclude  TCAS 
designs  that  1)  measure  received  power  levels  to  estimate  aircraft  range, 

2)  utilize  on-board  information  concerning  the  TCAS  aircraft  that  is  not 
available  either  from  the  TCAS  equipment  itself  or  from  the  associated  Mode  S 
transponder  and  3)  measure  aircraft  bearing. 


*As  discussed  In  Sections  4.4  and  4.5,  the  monitor  state  is  sometimes 
assigned. 
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TABLE  4-1 


DESIGN  CONSTRAINTS 


I.  Collision  Information  Used  by  TCAS:  Limited  to: 

1.  That  obtained  from  on-board  transponder 

2.  That  obtained  from  data  in  transmissions  from  other  transponders 

3.  Range 


II.  Design  Features  Adopted  from  BCAS 

1.  Filtering  on  confidence  bits  and  consistency  checks 

2.  Division  of  tine  between  interrogation/replies  and  listening 

for  unsolicited  transmissions 

3.  One-second  scans 

4.  Tracking  algorithms 

5.  Antenna  diversity  switching 

6.  Omni-directional  operation 
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The  first  exclusion  was  adopted  to  permit  use  of  the  BCAS  reply  processor 
design  in  TCAS.  The  second  exclusion  was  imposed  because  of  the  difficulty 
and  expense  of  providing  interfaces  to  obtain  other  information.  It  is  a 
significant  exclusion,  for  if  the  airspeed  of  the  TCAS-equipped  aircraft  were 
available,  use  of  the  relative  bearing  of  aircraft  would  improve  the 
performance  of  the  system  markedly.  The  third  exclusion  was  adopted  for  two 
reasons.  First,  without  information  concerning  the  airspeed  of  the 
TCAS-equipped  aircraft,  bearing  information  is  of  limited  use*  Second, 
preliminary  analysis  indicated  that  the  operating  requirements  could  be  met 
without  its  use.  Thus  ir.  the  interests  of  system  simplicity  it  was  excluded. 

The  result  of  the  above  constraints  is  that  the  Information  inputs  to  the 
surveillance  processor  are:  the  detected  bit  pattern  of  solicited  and 
unsolicited  transmissions  from  Mode  S  transponders,  the  measured  ranges  of 
aircraft  that  have  been  successfully  interrogated,  and  the  altitude  and 
maximum  capable  airspeed  of  the  TCAS  aircraft  Itself.  In  all  of  these  regards 
the  TCAS  design  is  slmiliir  to  the  BCAS  design.  Similarities  also  exist  at  a 
more  detailed  design  level  as  is  indicated  in  Table  4-1. 

In  particular,  the  same  filtering  of  detected  bit  patterns  is  employed  to 
remove  those  that  are  clearly  erroneous.  Also,  the  system  listens  for 
unsolicited  transmissions  whenever  it  is  not  engaged  in  an  interrogation/reply 
cycle  and  during  such  cycles  the  listening  window  is  that  used  in  BCAS.  These 
time  allocations  are  organized  within  one  second  time-frames  called  scans. 

The  BCAS  tracking  algorithms  are  also  assumed  to  be  employed,  although  they 
have  no  direct  Impact  on  the  work  reported  here.  Finally,  diversity  antennas 
are  used  with  the  BCAS  diversity  switching  algorithm.  Although  capable  of 
directional  operation,  the  antennas  are  assumed  to  be  used  in  a 
non-directional  mode.  This  last  constraint  is  imposed  more  for  system 
simplicty  than  to  capitalize  upon  the  BCAS  design. 

The  TCAS  design  differs  from  the  BCAS  design  in  the  areas  enumerated  in 
Table  4-2.  The  first  difference  pertains  not  to  the  TCAS  equipment  Itself, 
but  to  the  "squitters"  transmitted  by  Mode  S  transponders.  The  reasons  for 
this  change  are  discussed  in  Section  4.2.  Items  2,  3,  and  4  in  the  table  alt 
reflect  the  design  changes  that  were  made  to  ensure  satisfactory  operation  at 
the  high  aircraft  densites  in  which  TCAS  is  intended  to  operate. 

Roughly  stated,  the  sensitivity  of  the  system  is  controlled  by  the 
rainimun  triggering  level  (MTL)  that  Is  used  for  the  reception  of  unsolicited 
transmissions  from  Mode  S  transponders.  It  is  kept  at  the  most  sensitive 
setting  for  which  the  interference  limiting  constaints  of  Section  5,1  are 
satisfied. 

Since  the  interrogation  and  reply  links  are  of  roughly  equal  quality  (at 
least  in  the  absence  of  heavy  Mode  C  fruit),  the  power  level  used  to 
interrogate  an  aircraft  is  related  to  the  HTL  at  which  it  was  detected.  If 
the  MTL  was  5  dB  above  the  most  sensitive  (nominal)  setting,  the  interrogation 
power  used  will  be  5  dB  below  the  maximum  (nominal)  value.  On  the  other  hand, 
the  maximum  receiver  sensitivity  is  always  used  in  listening  for  the  reply  to 
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TABLE  4-2 

AREA  IN  WHICH  TCAS  DIFFERS  FROM  BCAS 


I. 


i. 


Squitter  Format 

Control  of  HTL  for  Unsolicited  Transmissions 
Programming  of  Interrogation  Power 
Information  Processing  Algorithms 
Error  Correction 


4-0 


an  interrogation.  Maximum  sensitivity  is  also  used  in  listening  for  replies 
from  aircraft  that  are  in  the  track  state,  but  the  Interrogation  powers  to 
these  aircraft  are  related  to  their  ranges  in  order  to  control  interference. 

The  development  of  the  algorithms  that  determine  the  state  assigned  to  an 
aircraft  is  described  in  Sections  4.3  through  4.6.  That  development  was  the 
major  task  in  the  design  of  the  surveillance  processor. 

The  final  listed  change,  error  correction,  was  made  for  two  reasons. 
First,  at  the  high  densities  of  interest  here,  Mode  C  fruit  can  cause  the 
reliability  of  the  reply  link  to  be  substantially  less  than  that  of  the 
interrogation  link.  The  use  of  error  correction  reduces  the  chance  that  this 
imbalance  will  compromise  the  collision  protection  provided  by  the  system. 
Second,  It  Is  prudent  to  choose  a  robust  design  whenever  it  does  not  Involve 
undue  complexity.  The  use  of  error  correction  appears  to  be  such  a  choice. 

4.2  False  Address  Problem 


TCAS  equipment  only  addresses  interrogations  to  aircraft  whose  ID's  have 
been  received.  However,  "false  addresses"  will  sometimes  be  generated  by 
fruit,  multipath,  and  receiver  noise,  which  corrupt  the  squlttsr  signal 
received  from  a  transponder.  In  fact,  In  the  high  density  environments  for 
which  TCAS  is  intended,  the  squitters  used  by  TCAS  night  generate  and 
duplicate  false  addresses  at  a  raLe  lhal  would  overburden  the  system  memory 
and  cause  a  significant  number  of  interrogations  to  be  addressed  to 
non-existent  aircraft. 

To  ensure  that  this  does  not  occur.  It  was  necessary  to  reduce  the 
probability  that  a  false  address  would  be  received  repeatedly.  This  was  done 
by  changing  the  squitter  to  the  Mode  S  All-Call  format  so  that  error  detection 
could  be  used.  As  a  consequence,  altitude  Information  is  no  longer  contained 
within  the  squitters.  Altitude  information  Is  now  extracted  from  the  Mode  S 
surveillance  replies  that  an  already  identified  transponder  transmits  in 
response  to  Interrogations  from  other  equipment,  when  such  replies  are 
available.  When  such  replies  are  not  available,  for  example  when  over  the 
ocean,  altitude  remains  unknown  until  the  aircraft  is  interrogated. 


The  decision  to  change  the  squitter  format  was  based  on  flight  test  data 
which  suggested  that  false  addresses  were  far  more  frequently  created  by 
single  hit  errors  than  they  would  be  if  che  bit  errors  were  statistically 
independent  and  identically  distributed.  An  illustration  of  this  is  given  in 
Fig.  4-3  which  shows  the  number  of  times  each  bit  of  a  Mode  S  reply  was 
received  erroneously.  For  a  total  of  18,500  receptions  in  low-density 
airspace,  5.62  of  the  replies  had  errors  and  aboot  402  of  those  errors 
involved  just  one  out  of  the  36  reply  bits.  It  is  believed  that  roost  of  these 
errors  were  due  t.i  multipath,  as  the  fruit  rate  was  low.  The  increased  counts 
near  tire  end  of  the  reply  also  support  this  conclusion. 
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TOTAL  NO.  OF  REPLIES  DETECTED  =  18500 

NO.  OF  THESE  IN  ERROR  =  1039  =  5.6% 

NO.  N  ERROR  AND  HAVING  A  REPEATING  ADDRESS  =  451  =  2.4% 
NO.  HAVING  A  1-BIT  ERROR  -  403  =  2.2% 


If  these  errors  are  not  detected,  the  consequences  are  two-fold.  First, 
they  increase  the  computational  load  and  memory  requirements  of  the  TCAS 
equipment.  For  example,  if  the  error  rate  is  10%  and  20  seconds  elapse  before 
a  false  address  is  purged  from  the  system,  there  will  be  roughly  twice  as  many 
false  addresses  in  memory  as  real  addresses.  More  significantly,  because  40% 
of  the  errors  involve  only  one  bit,  the  rate  of  repeating  false  addresses  will 
lead  to  many  wasted  interrogations  in  the  high  density  airspace  for  which  the 
system  is  intended. 

The  wasted  interrogation  rate  can  be  reduced  somewhat  by  purging 
addresses  from  the  processor  sooner,  but  the  detection  rate  then  also  suffers. 
Detection  studies  showed  that  addresses  should  not  be  purged  less  than 
16  seconds  following  their  first  receipt.  The  curve  of  Fig.  4-4  shows  that 
there  will  he  as  many  interrogations  transmitted  to  non-existent  targets  as  to 
real  targets  when  the  average  single-bit  error  rate  reaches  10%.  This  is 
significant  since  TCAS  will  not  achieve  the  desired  high-density  performance 
if  the  wasted  interrogation  rate  approaches  the  valid  interrogation  rate. 

In  higher  traffic  densities  the  Mode  S  reply  rate  is  higher  and  there  are 
more  interference  replies  to  corrupt  each  Mode  S  reply.  Realizing  this,  the 
squitter  error  rate  was  examined  in  a  denser  traffic  environment.  Figure  4-5 
shows  results  from  an  encounter  flown  over  New  York  City  in  September  1982. 

The  top  part  of  the  plot  shows  the  range  of  the  Mode  S  aircraft  as  a  function 
of  time.  The  bottom  half  shows  the  rate  of  1-bit  errors  detected  by  the  top 
and  bottom  antennas  on  the  TCAS  aircraft.  The  rates  fluctuated  considerably 
and  exceeded  10%  a  significant  fraction  of  time. 

The  false  address  problem  can  be  eliminated  by  using  the  Mode  S  All-Call 
format  for  Mode  S  acquisition.  In  the  all-call  format,  address  errors  can  be 
detected  and  corrected  with  high  probability  because  the  address  is 
transmitted  as  part  of  the  data  field  of  the  reply  format  and  it  is  protected 
by  an  independent  parity  field,  as  shown  in  Fig.  4-6. 

Using  the  Mode  S  All-Call  format  results  in  a  slight  increase  in  the 
Mode  S  fruit  rate  because,  unlike  surveillance  replies,  the  all-call  format  is 
not  transmitted  routinely  for  other  purposes  by  Mode  S  transponders.  The 
periodic  transmission  of  an  all-call  squitter  thus  adds  to  the  existing  Mode  S 
fruit  background.  However,  this  additional  fruit  causes  no  significant 
degradation  of  ground  surveillance  (Ref.  10). 

Another  disadvantage  of  using  the  All-Call  format  for  squitters  is  that 
it  does  not  provide  altitude  information.  However,  altitude  is  not  necessary 
in  squitters  since  (in  dense  traffic,  where  altitude  information  is  needed 
most)  a  Mode  S  surveillance  fruit  with  altitude  will  usually  be  received 
shortly  following  the  receipt  of  an  all-call  squitter.  If  a  surveillance 
reply  with  altitude  is  not  received  soon  after  the  squitter,  TCAS  can 
interrogate  the  target  to  determine  its  altitude  and  range. 
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PLANNED  HEAD-ON  ENCOUNTER  IN  NY  AREA,  SEPT.  17,  82 


TIME  (MIN) 

Fig.  4-5.  Single-bit  error  rate  observed  in  high  density  airspace. 


4.3  Monitor  State 


4.3.1  Design  Considerations 

The  information  available  for  Identifying  possible  collision  threats  is 
1)  the  pattern  of  squitters  and  fruit  received  from  the  aircraft,  2)  the 
altitude  information  conveyed  by  the  fruit  and  3)  the  number  of  unsuccessful 
attempts  that  have  been  made  to  acquire  the  aircraft. 

If  the  altitude  separation  is  sufficiently  large  and  its  rate  of  decrease 
is  sufficiently  small,  no  interrogation  is  needed.  On  the  other  hand,  unless 
the  available  alcitude  information  clearly  indicates  that  the  aircraft  is  a 
non-threat,  the  other  available  information  oust  be  examined  if  an 
interrogation  is  to  be  avoided.  The  most  that  can  be  inferred  from  this 
information  is  the  degree  to  which  the  received  power  level  does,  or  does  not, 
exceed  the  detection  threshold  (MTL).  Thus,  loosely  stated,  the  processor 
must  decide  whether  or  not  the  received  power  level  is  large  enough  so  that 
the  aircraft  may  be  a  threat  and  whether  the  link  reliability  is  good  enough 
so  that  acquisition  should  be  attempted. 

One  approach  to  such  decision  problems  that  has  been  found  to  be 
effective  in  many  instances  is  the  Sequential  Probability  Ratio  Test  provided 
by  Statistical  Decision  Theory  (Ref.  8).  An  application  of  that  test  to  the 
problem  at  hand  suggests  the  following  algorithm*. 

Decision  Algorithm.-  Upon  the  first  receipt  of  an  aircraft  ID  the 
aircraft  is  assigned  to  the  monitor  state  and  a  sum  initialized  at  a  value  C 
is  associated  with  it.  Upon  each  succeeding  receipt  of  the  same  ID,  the  sum 
is  incremented  by  an  amount  z;  for  each  scan  during  which  the  ID  is  not 
received  the  sun  is  decremented  by  one.  The  process  continues  as  long  as  the 
value  of  the  sum  exceeds  0  and  is  less  than  a  constant  Z.  When  the  sum 
decreases  to  0,  the  ID  is  purged  from  the  system  and  any  further  receipt  of 
that  ID  causes  a  newly  initialized  sum  to  be  formed.  When  the  sum  equals  or 
exceeds  the  constant  Z,  a  test  is  performance  to  determine  if  the  aircraft 
should  be  assigned  to  the  acquisition  state,  unless  the  available  altitude 
information  now  indicates  that  this  is  not  necessary.  The  squitter  processing 
used  in  BCAS  is,  in  fact,  a  special  case  of  this  algorithm. 

The  operation  of  this  algorithm  is  illustrated  in  Fig.  4-7  for  three 
different  example  sequences  of  address  detection. 

The  action  of  the  algorithm  on  squitters  and  fruit  differs  in  two  ways. 
First,  as  discussed  in  Section  4.2,  only  squitters  are  used  to  enter  an 
aircraft  ID  into  the  system.  Detected  fruit  is  processed  only  if  its  address 
is  already  contained  in  the  system.  Second,  the  assessment  of  the  collision 
threat  in  altitude  involves  only  the  fruit  (surveillance  replies),  since  no 
altitude  information  is  contained  in  the  squitters. 


*The  detailed  specification  and  performance  of  the  algorithm  is  presented 
in  Sections  4.3.2  and  4.3.3. 
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The  average  value  of  the  sua  n  scans  after  its  initialization  will  be 
n[zr-Q]  +C ,  where  r  is  the  average  nuaber  of  times  the  address  is  detected  per 
scan  and  Q  is  the  probability  that  no  address  is  detected  during  a  scan.  From 
this  it  is  apparent  that  if  zr  exceeds  Q  the  sua  will  tend,  in  tiae,  to  exceed 
Z.  If  zr  is  less  than  Q,  the  sua  will  tend,  in  time,  to  fall  below  zero. 
Clearly,  z  aust  be  chosen  so  that  the  first  situation  prevails  for  all 
detection  rates  r  that  can  be  associated  with  threatening  aircraft. 

If  the  values  of  r  and  Q  were  uniquely  and  aonotonically  related  to  the 
range  of  the  aircraft,  the  choice  of  z  would  be  straightforward. 

Specifically,  the  minimum  range  at  which  an  aircraft  could  not  pose  an 
immediate  collision  threat  would  be  determined  and  z  would  be  set  equal  to 
Qm/rm  where  rn  and  0  are  the  values  of  r  and  Q  for  aircraft  at  that  minimum 
range.  (A  somewhat  larger  value  of  z  would  actually  be  required  since  the 
time  the  algorithm  requires  to  reach  a  decision  tends  to  infinity  as  Q/r 
approaches  z.) 

Unfortunately,  the  substantial  variations  that  can  occur  in  transponder 
power  outputs  and  link  losses  keep  r  from  being  uniquely  related  to  the 
aircraft  range.  Thus  z  must  be  made  large  enough  to  ensure  that  no 
threatening  aircraft  will  go  uninterrogated.  This  means  that  a  number  of 
aircraft  will  be  Interrogated  whose  range  is  so  large  that  they  need  not  have 
been  interrogated.  These  interrogations  cannot  be  avoided  when  an  aircraft  is 
first  detected;  for  there  is  then  no  way  of  knowing  if  the  detection  is  the 
result  of  an  unusually  large  power  from  a  distant  transponder. 

On  the  other  hand,  once  an  aircraft  has  been  Interrogated,  a  more 
discriminating  decision  can  be  made  concerning  It  even  if  a  reply  is  not 
received,  for  the  absence  of  that  reply  indicates  that  the  reliability  of  the 
interrogation  and/or  reply  link  is  not  as  good  as  had  been  thought  and  no 
further  Interrogations  should  be  made  until  the  reliability  Improves.  Since 
that  Improvement  can  be  sensed  only  by  a  change  in  the  detection  rate  of  the 
aircraft's  squitters  and  fruit,  a  higher  detection  rate  should  he  required  for 
any  subsequent  interrogations.  Thus  the  parameter  z  in  this  processing 
algorithm  should  not  be  a  constant  but  should  vary  from  aircraft  to  aircraft 
according  to  the  number  of  times  they  have  previously  been  Interrogated 
unsuccessfully. 

Minimum  Triggering  Level. -  Another  Important  system  parameter  is  the 
Minimum  Triggering  Level  ('tffC)  used  to  detect  squitters  and  fruit.  Setting 
the  MTL  to  about  the  minimum  received  power  expected  from  any  threatening 
aircraft  will  both  facilitate  the  rapid  interrogation  of  threatening  aircraft 
and  reduce  the  number  of  interrogations  to  n  in-threat  aircraft.  It  is  the 
value  of  MTL  that  should  be  used  if  only  one  fixed  value  is  to  be  employed. 
However,  the  value  of  the  MTL  cannot  be  fixed  but  must  instead  be  adjusted 
continuously  to  the  most  sensitive  value  that  satisfies  the  Interference 
limiting  standard.  In  this  way  the  collision  protection  provided  is  always 
maximized  subject  to  the  constraints  imposed.  Whether  or  not  the  protection 
is  adequate  Is  determined  by  whether  or  not  the  resulting  MTL  is  more 
sensitive  than  the  minimum  value  determined  above. 
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Threat  Assessment . -  A  final  question  to  be  addressed  is  the  relationship 
between  the  assessment  of  an  aircraft's  threat  potential  from  altitude 
information  and  from  the  running  sum  associated  with  it.  For  example,  should 
a  sure  be  associated  with  an  aircraft  whose  altitude  separation  from  the  TCAS 
aircraft  is  known  to  be  quite  large  and,  if  so,  what  action  should  be  taken 
when  the  sum  reaches  Z? 

Part  of  the  answer  to  this  question  is  clear.  Since  any  altitude 
Information  obtained  from  an  aircraft  is  less  ambiguous  and  more  precise  than 
that  obtained  from  a  running  sum,  an  aircraft  that  is  determined  not  to  be  an 
immediate  threat  from  the  available  altitude  information  should  not  be 
Interrogated.  One  might  infer  from  this  that  the  sun  need  not  be  initialized 
for  an  aircraft  until  the  available  altitude  information  Indicates  that  it  may 
be  a  threat.  However,  this  would  delay  the  interrogation  of  aircraft  closing 
in  altitude  by  the  time  required  for  the  sum  to  build  up  to  the  value  Z. 

This  delay  could  conceivably  compromise  the  collision  protection  provided 
against  aircraft  with  marginal  transponder  power.  Therefore,  the  sum  is 
associated  with  an  aircraft  when  the  monitor  state  is  first  assigned  to  it  and 
the  sum  is  allowed  to  evolve  Independently  of  the  altitude  information  until 
the  threshold  Z  is  reached.  The  state  will  be  changed  to  the  acquisition 
state  at  that  time  unless  the  available  altitude  information  indicates  that 
the  aircraft  is  not  a  threat.  If  it  is  not  a  possible  threat,  the  evaluation 
of  the  running  sum  continues,  but  the  sum  is  not  permitted  to  exceed  z. 

The  processing  sequence  that  results  from  the  above  decisions  is  shown  in 
Fig.  4-8  for  a  single  aircraft  ID. 

To  complete  the  functional  description  of  the  processing  for  aircraft 
assigned  to  the  monitor  state  it  is  necessary  to  specify: 

].  The  values  of  the  running  sum  parameters  C,  Z  and  z, 

2.  The  processing  of  the  altitude  information. 

These  tasks  will  now  be  addressed  in  turn. 

4.3.2  Parameters  of  *he  Running  Sun  Algorithm 

A  number  of  important  ‘actors  influence  the  choice  of  C,  Z  and  z.  These 
factors  are  discussed  below. 

1.  First,  Z  should  be  made  large  enough,  or  z  made  small  enough,  so  that 
several  fruit  will  be  detected  before  the  running  sum  reaches  Z.  Otherwise, 
many  aircraft  that  are  separated  in  altitude  will  be  interrogated  when  the  sum 
reaches  Z  even  though  no  altitude  information  has  been  received.  Since  it  is 
a  snuitter  that  causes  the  sum  to  be  initialized,  it  seems  reasonable  to 
require  at  least  two  more  detections  after  initialization  before  Z  can  be 
reached.  This  will  occur  if  z  is  less  than  Z-C.  The  probability  that  some 
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altitude  information  will  be  received  before  the  sub  reaches  Z  is  then  at 
least  0.5  if  the  detection  probability  is  the  sane  for  squitters  and  fruit. 

If  z  is  much  less  than  Z-C,  the  tine  that  elapses  before  a  threatening  target 
is  interrogated  may  becone  excessive.  Therefore  z  should  be  on  the  order  of 
Z-C. 

2-  A  second  consideration  is  that  threatening  aircraft  should  be 
assigned  to  the  acquisition  state  in  a  timely  manner  even  when  the  detection 
probability  is  varying  widely,  as  it  will  during  deep  fades.  This  is 
particularly  important  before  the  first  acquisition  attempt.  Clearly,  the 
performance  cannot  be  acceptable  in  all  situations,  but  it  seems  reasonable  to 
require  that  the  acquisition  state  be  assigned  whenever  several  detections 
occur  in  a  short  period  of  time,  even  if  the  value  of  the  running  sum  is  near 
zero.  This  implies  that  Z  be  at  most  a  few  times  z  when  there  is  no  past 

history  of  interrogation  failures,  that  is,  let  Z/z  be  at  most  three. 

3.  As  an  aircraft  accumulates  a  history  of  unsuccessful  interrogations, 
the  value  of  z  should  be  reduced  as  discussed  in  Section  4.3.1.  These  values 
need  not  be  limited  as  described  in  the  previous  paragraph,  since  the 
lengthening  history  of  no  replies  reduces  the  probability  that  a  short  deep 
fade  is  in  progress.  However,  with  one  exception,  z  should  always  be  large 
enough  that  the  threshold  Z  will  he  reached  in  a  relatively  short  time  if 
squitters  or  fruit  begin  to  be  dptected  on  each  successive  scan.  That  time  is 
taken  to  be  10  seconds  and  therefore  Z/z  should  not  exceed  10. 

4.  An  exception  arises  if  repeated  interrogations  of  the  aircraft  fail 

to  elicit  a  reply  and  yet  the  aircraft  continues  to  be  reassigned  to  the 
Acquisition  state  even  after  z  has  been  reduced  to  the  minimum  value  specified 

above.  Then  it  is  highly  probable  that  the  Mode  S  transponder  being 

interrogated  is  not  working  properly,  e.g. ,  it  is  abnormally  insensitive  or 
its  power  is  abnormally  high,  and  z  should  be  reduced  even  further  to  avoid 
wasting  interrogations.  Indeed,  one  might  argue  that  no  further 
interrogations  should  be  addressed  to  it;  however  a  more  conservative  approach 
is  to  only  relax  the  constraints  on  Z/z  by  a  factor  of  two,  from  10  to  20,  and 
this  only  in  the  extreme  situation  in  which  the  aircraft  has  been  returned  to 
the  monitor  state  from  the  acquisition  state  three  or  more  times. 

s ,  At  the  other  extreme,  tr  the  ahaenop  of  altitude  Information,  an 
airc  ft  should  be  assigned  to  the  acqusition  state  if  the  probability,  P,  of 
detecting  its  squitters  and  fruit  Is  sufficiently  large,  no  matter  what  the 
past  history  of  interrogations  has  been.  It  is  obvious  that  this  should  be 
done  when  the  detection  probability,  P,  is  one;  for  there  is  then  no  way  of 
estimating  lust  how  close  the  aircraft  may  be.  That  assignment  should  proably 
also  be  made  when  P  is  as  small  as  1/4  or  1/8  since  the  antanna  switching  on 
the  two  aircraft  could  cause  three  out  of  four  transmissions  to  occur  on  an 
antenna  pair  for  which  the  path  loss  is  high.  The  conservative  value  of  1/8 
was  chosen.  However,  even  if  P  exceeds  1/8,  there  is  no  certainty  that  the 
assignment  to  the  acquisition  state  will  always  be  made;  all  that  can  be 
specified  is  the  probability  of  its  being  made.  The  parameters  were  selected 
so  that  the  transition  from  the  monitor  state  to  the  acquisition  state  will  be 


made  with  a  probability  of  at  least  90%  whenever  P  exceeds  1/8.  Thus,  if  the 
transition  is  not  made  on  the  first  attempt  and  the  aircraft's  transmissions 
continue  to  be  received,  the  entire  process  will  be  repeated  and  the 
probability  that  it  is  assigned  the  acquisition  state  on  one  of  the  first  two 
iterations  will  be  99%. 

6.  Finally,  an  aircraft  should  not  be  purged  from  the  system  while  there 
is  any  significant  chance  that  it  soon  will  be  reassigned  to  the  monitor 
state;  for  if  that  occurs  the  history  of  past  Interrogations  will  be  lost.  On 
the  other  hand,  to  reduce  the  memory  loud,  an  aircraft's  ID  should  be  purged 
when  Ihere  is  little  chance  of  receiving  further  tranmissions  from  it.  A 
requirement  was  imposed  that  aircraft  for  which  P  is  less  than  1/50  be  purged 
from  the  system  with  a  probability  of  90%. 

These  factors  lead  to  the  set  of  constraints  listed  in  Table  4.3.  These 
contraints  can  be  translated  into  numerical  limits  by  drawing  upon  the 
performance  expressions  for  Sequential  Probability  Ratio  Tests.  The 
expressions  involve 

Pj,  the  value  of  P  above  which  it  is  desired  that  the  acquisition 

state  be  assigned, 

3,  the  probability  that  this  assignment  is  in  fact  not  made, 

Pq,  the  value  of  P  below  which  it  is  desired  that  the  address  be  purged 

from  the  system  and  a,  the  probability  that  this  is  not  done. 

These  values  are  Pj  ■  1/8,  Pq  *  1/50  and  a  «  0  “O.l. 

Approximate  expressions  for  C,  Z  and  z  in  terms  of  Pj»  Pq»  °  and  8  are 
available  in  Ref.  8  for  the  situation  in  which  at  most  one  squltter,  or  fruit, 
is  received  from  an  aircraft  per  scan.  This  situation  will  arise  when  the 
ground  Interrogation  rate  of  Mode  S  transponders  is  small.  It  is  a  "worst 
case"  situation  for  the  Issues  of  concern  here.  The  expressions  are 
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TABLE  4-3 


CONSTRAINTS  ON  THE  VALUES  OF  C,  Z  AND  z. 


z  -  Z-C 
Z/z  <  3 
Z/z  <  10 
Z/z  <  20 
For  P  >  1/8 
For  P  <  .02 


Prior  to  first  interrogation 
After  first  interrogations  but. 

If  it  appears  transponder  Is  malfunctioning 

Acquisition  state  assigned  with  probability  of  at  least  90Z 

Aircraft  ID  purged  with  probability  of  at  least  90Z 


Introducing  Che  values  of  Pi,  Pq,  a  and  6  Into  these  expressions  yields 
020. 3,  Z-40.6,  and  z-16.2,  which  are  rounded  off  to 

020 

Z-40 

z-16 

Note  chat  the  theory  also  states  that  the  mean  time  required  to  reach  a 
decision  when  P  *  Pj  is  approximately  C/(1+Piz),  or  about  7  seconds. 

These  values  satisfy  the  constraints  that  apply  before  the  first 
interrogation  has  been  made.  Thus  they  may  also  be  used  for  that  situation. 
The  remaining  issue  is  how  to  reduce  z  on  subsequent  returns  to  the  monitor 
state  from  the  acquisition  state.  Table  4-3  implies  that  z  should  be  no  less 
than  four  for  the  first  and  second  return  and  no  less  than  two  for  any 
subsequent  return.  This  suggests  that  the  sequence  of  values  for  z  be 
16,x,4,2  where  x  is  a  value  to  be  determined. 

Simulation  studies  of  the  kind  discussed  in  Section  4.7  have  indicated 
that  the  performance  of  the  system  is  not  very  sensitive  to  the  choice  of  x. 
Thus  It  is  appropriate  to  continue  the  geometric  pattern  and  take  It  to  be  8. 

4.3.3  Altitude  Processing 

For  a  target  aircraft  that  may  possibly  be  a  threat  in  range,  the 
function  of  monitor  state  altitude  processing  is  to  determine  whether 
available  altitude  information  indicates  that  Che  aircraft  is  not  a  threat  In 
altitude.  The  processing  divides  naturally  Into  two  parts.  In  one,  estimates 
of  the  relative  altitude  rate  are  derived  from  the  sequence  of  fruit  replies 
received  from  an  aircraft  that  has  been  assigned  to  the  monitor  state.  In  the 

other,  the  threat  that  an  aircraft  represents  In  altitude  is  evaluated 

whenever  the  value  of  the  sum  described  in  Section  4.3.2  becomes  at  least  as 
large  as  the  threshold  Z.  These  two  aspects  of  Che  processing  are  discussed 
in  more  detail  below. 

The  Information  available  is  the  sequence  of  altitude  reports  contained 
within  the  fruit  that  have  been  received  from  the  aircraft.  However,  only  a 
few  of  the  most  recent  values  are  significant.  Because  of  that  (and  to  reduce 
the  storage  requirements),  the  threat  assessment  is  based  upon  the  most 

recently  received  altitude  and  the  most  recently  calculated  estimate  of  the 

altitude  rate.  The  two  primary  design  questions  are  then:  How  should  the 
altitude  rate  be  estimated  and  how  should  be  threat  be  assessed? 

Rate  F.st Inatlon.-  Rate  estimation  involves  a  compromise.  An  up-to-date 
estimate  of  the  rate  Is  desired,  which  implies  that  the  two  most  recently 
received  values  of  che  altitude  should  be  used  in  the  estimate.  Or  the  ether 
hand,  the  values  used  must  be  separated  by  enough  time  to  ensure  that  the 
estimate  13  not  corrupted  by  the  quantization  of  the  altitude  reports. 

Finally,  the  time  separation  should  be  small  enough  to  ensure  that  the  true 
altitude  rate  is  being  measured.  The  compromise  may  be  struck  in  a  number  of 


ways,  the  approach  used  in  the  simulation  described  in  Section  4.7  is  as 
follows : 

For  each  aircraft  assigned  to  the  monitor  state,  an  altitude,  an  altitude 
rate,  and  the  time  at  which  they  apply  is  retained  in  a  file.  Initially,  the 
first  altitude  report  received  from  the  aircraft  is  stored  in  the  file.  Each 
subsequent  altitude  report  replaces  the  one  that  is  stored  unless  the  time 
between  the  two  reports  is  less  than  20  seconds,  in  which  case  the  newly 
received  report  is  discarded.  When  a  new  altitude  is  to  be  stored,  it  and  the 
altitude  it  is  to  replace  are  used  to  re-estimate  the  altitude  rate.  The  new 
rate  then  replaces  the  previously  stored  rate  unless  the  time  separation  of 
the  two  reports  exceeds  120  seconds,  in  which  case  no  rate  estimate  is 
retained. 

The  above  procedure  does  not  always  cause  the  most  recently  received 
altitude  to  be  saved  in  the  file.  If  the  most  recent  altitude  were  saved,  and 
no  other  altitudes  were  recorded,  the  elapsed  time  between  the  stored  and 
newly  received  altitudes  could  at  times  be  so  small  that  a  useful  estimate  of 
the  altitude  rate  could  not  be  obtained.  Of  course,  this  could  be  remedied  by 
retaining  additional  altitude  information  in  the  file,  but  the  approach 
described  here  provides  satisfactory  performance.  With  this  approach,  the 
stored  altitude  and  the  altitude  rate  were  valid  less  than  20  seconds  ago 
unless  an  altitude  report  has  not  been  received  for  20  seconds  in  which  case 
they  were  valid  less  chan  20  seconds  before  the  last  received  report. 

Having  chosen  the  means  by  which  an  aircraft's  altitude  and  altitude  rate 
are  determined,  it  remains  to  specify  the  means  by  which  the  aircraft  threat 
is  assessed. 

Altitude  Threat  Assessment.-  An  aircraft  should  not  be  considered  a 
threat  if  the  altitude  separation  from  it  is  large  and  will  continue  to  be  so 
for  the  immediate  future.  Stated  more  precisely,  an  aircraft  should  be 
considered  a  threat  and  it  should  be  assigned  to  the  acquisition  state  if 
either  l)  no  altitude  information  is  available,  or  2)  the  altitude  separation 
is,  or  has  recently  been,  less  than  some  critical  separation,  or  3)  the 
separation  could  become  zero  within  some  critical  time.  In  the  simulations 
reported  in  Section  4.7  a  critical  separation  of  3,000  feet  and  a  critical 
time  of  b0  seconds  were  used. 

In  particular,  when  the  sura  associated  with  on  aircraft  becomes  as  large 
as  the  threshold  L  it  is  assigned  to  the  acquisition  state  unless  the 
following  conditions  are  satisified: 

1.  An  altitude  has  been  received  from  it  and 

2.  When  the  altitude  was  stored  the  vertical  separation  exceeded 
3,0UO  feet  and  either 

3a.  The  altitude  rate  was  estimated  within  the  last  60  seconds  and  at 
that  rate  the  vertical  separation  of  the  aircraft  could  not  become 
zero  for  at  least  60  more  seconds  or 


3b.  An  altitude  rate  was  not  estimated  within  the  last  60  seconds  but, 
assuming  that  the  aircraft  has  been  closing  in  altitude  since  the 
last  altitude  was  stored  and  that  the  closure  rate  does  not  exceed 
the  sum  of  6,000  feet  per  minute  plus  the  magnitude  of  the  rate  for 
the  TCAS  aircraft,  the  present  vertical  separation  either  exceeds 
9,000  feet  or  the  additional  time  required  for  it  to  reach  zero 
exceeds  60  seconds. 

The  last  condition,  3b,  pertains  to  situations  in  which  a  recent  estimate 
of  the  rate  is  not  available,  and  should  not  arise  often  since  the  parameters 
of  the  monitor  state  processing  have  been  chosen  so  that  several  altitude 
reports  will  usually  be  received  before  the  threshold  Z  is  reached.  Moreover, 
it  affects  the  performance  of  the  processor  significantly  only  when  there  are 
many  aircraft  for  whom  the  vertical  separation  from  the  TCAS  aircraft  is 
rather  large  but  from  whom  few  altitude  reports  are  received. 

Condition  3b  can  occur  when  the  fruit  rate  is  low  either  because  few 
surveillance  replies  are  requested  by  other  interrogators  or  because  the  link 
geometry  is  such  that  they  do  not  reach  the  TCAS  aircraft.  Since  the  former 
situation  can  be  encountered  on  oceanic  flights  and  the  latter  can  be 
encountered  in  overflights  of  high  density  terminal  areas,  the  condition  has 
been  retained  in  the  design  and  is  included  in  the  simulations  reported  in 
Section  4.7. 


4.4  Acquisition  State 

4.4.1  Functions 

The  processing  of  aircraft  in  the  acquisition  state  is  similiar  to  that 
used  in  BCAS  (Ref.  7)  and  need  be  described  only  in  broad  outline  and  in 
contrast  to  the  BCAS  processing. 

The  functions  of  the  processing  are  to  determine  the  range  of  aircraft 
and  to  assess  the  threat  they  represent.  If  that  threat  is  significant,  the 
aircraft  is  assigned  to  the  track  state.  Otherwise,  the  aircraft  is  assigned 
to  the  dormant  state  or  the  monitor  state.  In  making  these  assignments  it  is 
necessary  to  limit  the  number  of  interrogations  to  aircraft  from  whom  replies 
are  not  received.  This  limit  raust  balance  the  goals  of  ensuring  that  all 
threatening  aircraft  are  assigned  to  the  track  state  and  of  avoiding 
unnecessary  interrogations  that  cnvld  cause  the  interrogation  limiting 
algorithm  to  compromise  the  collision  protection  provided  by  the  system.  The 
means  of  achieving  these  goals  are  discussed  in  turn  below. 

4.4.2  Threat  Assessment 

In  the  acquisition  state  the  threat  represented  by  an  aircraft  is 
determined  fr'm  its  altitude  separation  from  the  TCAS-equipped  aircraft  and 
its  slant  range. 


Altitude  Separation.-  The  altitude  information  is  used  in  much  the  same 
way  as  it  is  for  the  monitor  state.  The  two  processes  differ  only  in  that 
altitude  information  will  he  obtained  from  replies  to  interrogations,  rather 
than  from  fruit.  Thus,  except  for  some  minor  changes,  the  altitude  processing 
for  the  acquisition  state  is  as  describees  in  Section  4. 3.1.  In  particular,  an 
aircraft  is  removed  from  the  acquisition  state  and  reassigned  to  the  monitor 
state  whenever  the  altitude  Information  Indicates  that  it  cannot  become  an 
immediate  threat. 

It  may  be  noted  that  a  transition  from  the  acquisition  state  to  the 
monitor  state  is  not  allowed  in  Fig.  4-2.  It  was  omitted  from  the  figure  and 
the  accompanying  text  to  simplify  the  initial  description.  A  more  complete 
description  which  distinguishes  between  the  use  of  altitude  and  range 
information  is  shown  in  Fig.  4-9. 

Slant  Range  and  Time-to-Endanger.-  The  range  information  is  used  to 
determine  the  length  of  time  during  which  a  collision  cannot  occur  when  there 
is  no  vertical  separation  between  the  two  aircraft.  This  time  is  called  the 
time-to-endanger  and  is  denoted  by  TE.  The  available  Information  upon  which 
the  calculation  of  TE  is  based  is  the  range,  the  maximum  capable  airspeeds  of 
the  two  aircraft  and  the  knowledge  that  a  250-Kt  speed  limit  exists  at 
altitudes  below  10,000  feet.  Because  this  speed  limit  is  sometimes  waived,  it 
is  assumed  that  the  interrogated  aircraft  does  not  obey  it.  It  is  assumed 
that  the  TCAS  aircraft  does  conform  to  the  speed  limit.  Thus,  above  10,000 
feet,  TE  is  the  range  divided  by  the  sum  of  the  maximum  capable  airspeeds,  and 
below  10,000  feet,  it  is  the  range  divided  by  the  sum  of  the  speed  limit  and 
maximum  capable  speed  of  the  interrogated  aircraft.  A  conservative  speed 
limit  of  300  knots  is  used  in  the  system  simulation  discussed  in  Section  4.7. 

The  magnitude  of  the  threat  represented  by  an  aircraft  is  inversely 
related  to  TE.  The  question  is:  what  is  the  value  of  TE  for  which  an 
aircraft  should  be  assigned  to  the  track  state?  The  value  must  be  large 
enough  to  ensure  that  the  track  state  is  assigned  before  the  aircraft  reaches 
the  threat  boundary  used  by  the  CAS  logic.  For  1200-Kt  and  500-Kt  head-on 
encounters  this  boundary  is  reached  when  TE  equals  33  and  27  seconds, 
respectively. 

Since  the  two  times  given  above  are  comparable  and  since  some  additional 
time  is  required  to  establish  a  track  that  can  be  used  by  the  CAS  logic,  there 
is  little  advantage  in  letting  the  threshold  value  of  TE  depend  upon  altitude. 
Instead,  a  single  threshold  value  of  41  seconds  was  used  in  the  simulations 
described  in  Section  4.7.  In  the  absence  of  the  interrogation  limiting 
constraints,  the  use  of  a  larger  threshold  would  provide  added  collision 
protection  by  causing  aircraft  to  be  tracked  at  greater  ranges.  However, 
action  of  the  interrogation  limiting  algorithm  could  in  fact  reduce  the  range 
at  which  aircraft  are  detected  if  this  threshold  were  made  larger. 

4.4.3  Interrogation  Parameters 

The  above  discussion  assumes  that  the  interrogations  made  by  TCAS  elicit 
replies.  It  remains  to  discuss  the  selection  of  the  rate  and  the  power  of 
interrogations  addressed  to  an  aircraft. 


DORMANT 
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Fig. 4-9.  Operation  of  the  Mode  S  surveillance  processor. 


Parameter  Selection  Considerations.-  Several  factors  enter  Into  the 
choice  of  these  parameters.  The  interrogation  rate  and  power  should  be 
sufficient  to  ensure  an  adequate  reply  probability.  However,  neither  the  rate 
nor  the  power  should  be  excessive,  for  the  resulting  action  of  the 
interrogation  limiting  algorithm  may  then  compromise  the  collision  protection 
that  is  provided. 

It  is  not  necessary  for  replies  to  be  received  from  all  aircraft  assigned 
to  the  acquisition  state.  Some  assignments  may  have  resulted  from  unusually 
high  power  emitted  by  aircraft  whose  ranges  are  so  great  that  they  cannot  be 
threats.  Failure  to  elicit  a  reply  from  such  an  aircraft  will  cause  the 
increment  z  to  be  changed  when  the  monitor  state  is  reassigned  to  the 
aircraft.  This,  in  turn,  will  prevent  its  being  returned  to  the  acquisition 
state  and  reinterrogated  until  its  level  of  squitter/f ruit  activity  has 
increased . 

The  design  choices  to  be  made  are  then:  what  power  level  should  be  used 
for  interrogations  and  how  many  interrogations  should  be  made  before  the 
acquisition  attempt  is  declared  a  failure? 

Power  Level.-  The  choice  of  the  power  reflects  the  fact  that  the 
interrogation  link  is  nominally  as  reliable  as  the  link  for  the  reception  of 
squitters  and  replies  to  Interrogations.  Thus  if  the  presence  of  an  aircraft 
were  detected  with  an  MTL  6  dB  above  the  minimum  value,  an  interrogation  power 
6  dB  below  the  maximum  value  should  suffice  to  elicit  a  reply. 

The  balance  between  the  two  links  is  not  exact;  in  any  specific  situation 
a  substantial  imbalance  may  exist.  The  only  consistent  rationale  for  less 
interrogation  power  is  that  Mode  C  fruit  is  not  present  on  the  interrogation 
link.  But  this  does  not  justify  a  general  reduction  in  the  interrogation 
power  since  the  proposed  power  might  be  inadequate  to  elicit  a  reply  from  a 
threatening  aircraft  whose  transponder  sensitivity  is  low  relative  to  its 
power  output.  Such  an  aircraft  would  seem  to  benefit  from  an  increased 
interrogation  power.  However,  simulation  studies  of  the  type  discussed  in 
Section  4.7  indicate  that  such  an  increase  is  not  needed  to  obtain 
satisfactory  performance.  Moreover,  to  adopt  an  increase  in  the  interests  of 
conservatism  could  be  ill-advised  since  the  constraints  imposed  by  the 
interrogation  limiting  algorithm  would  then  be  tightened.  Hence  the  decision 
to  match  the  interrogation  power  to  the  MTL. 

Interrogation  Fate.-  The  following  factors  were  considered  in  choosing 
the  maximum  number  of  Interrogations  allowed  during  an  acquisition  attempt. 

The  number  must  be  large  enough  to  ensure  that  a  threatening  aircraft  is 
acquired  in  time  for  evasive  maneuvers  to  be  taken.  On  the  other  hand,  the 
number  should  be  small  enough  to  prevent  unnecessary  restriction  of  the 
collision  protection  by  the  action  of  the  interrogation  limiting  algorithm. 

The  choice  between  the  extremes  is  not  critical  since  the  maximum  number  of 
interrogations  will  rarely  be  employed. 


4-29 


Some  guidance  in  making  the  choice  is  provided  by  the  conditions  under 
which  the  acquisition  state  is  assigned  by  the  monitor  state  processing. 
Examination  of  that  processing  shows  that  the  acquisition  state  is  assigned  n 
scans  after  the  sum  has  been  initialized  only  if  the  number,  nr,  of  squitters 
and  fruit  received  Is  approximately  equal  to  (20  +B)/z  where  B  is  the  number 
of  scans  during  which  there  were  no  receptions.  If  only  squitters  were 
received,  B  would  equal  n-nr  and,  for  the  state  change  to  occur  in  n  scans,  lij. 
would  be  approximately  equal  to  (20  +  n)/(z  +1).  Then  one  could  conclude  that 
the  reliability  of  the  reply  link  was  (20  +n)/(z  +l)n. 

As  noted  in  Section  4.3.2,  the  mean  value  of  n  is  about  7  for  the 
situations  in  which  it  is  desired  to  assign  the  acquisition  state  with  z  equal 
to  16;  thus  the  link  reliability  is  on  the  order  of  1/4  when  the  acquisition 
state  Is  first  assigned.  Consequently,  if  the  interrogation  and  reply  links 
are  balanced,  an  average  of  about  4  interrogations  should  be  needed  to  elicit 
a  reply.  If  fruit  are  also  received,  the  link  reliability  will  be  less  than 
this  estimate  and  more  interrogations  may  be  needed.  Conversely,  the  antenna 
switching  for  acquisition  is  not  random,  as  it  Is  during  monitor  processing, 
but  is  determined  by  the  history  of  successful  receptions.  Thus,  fewer 
interrogations  than  four  might  suffice. 

Faced  with  these  uncertainties,  and  the  knowledge  that  there  Is  little 
penalty  In  erring  on  the  high  side,  it  was  decided  to  allow  a  maximum  of  6 
interrogations  during  an  acquisition  attempt  after  one  or  two  previous 
attempts  have  failed.  A  larger  value,  9,  is  allowed  for  the  first  attempt  to 
reduce  the  chance  of  failing  to  acquire  a  truly  threatening  aircraft  with  a 
substandard  transponder.  At  the  other  extreme,  after  three  previous  failures, 
each  accompanied  by  a  decrease  in  z,  it  is  assumed  that  there  is  little  chance 
a  reply  will  ever  be  received.  This  would  suggest  that  the  aircraft  not  be 
interrogated  further,  but  conservatism  Indicates  one  interrogation  on  each 
acquisition  attempt  after  the  third. 

Simulation  studies  of  the  kind  discussed  in  Section  4.7  were  used  to 
explore  the  change  in  system  performance  that  would  result  from  small 
variations  of  the  numbers  of  Interrogations  presented  above.  Little  change 
was  observed  so  the  choices  were  adopted. 

4.5  Track  State 

An  aircraft  that  has  been  assigned  to  the  track  state  la  interrogated 
regularly  and  tracked.  These  operations  differ  from  those  used  in  BCAS  in 
only  two  regards.  First,  the  interrogation  power  Is  varied  according  to  the 
aircraft  range  and,  second,  the  altitude  processing  has  been  modified  to 
incorporate  the  improvements  introduced  in  the  processing  of  other  states. 

The  decision  to  vary  the  interrogation  power  with  aircraft  range  stemmed 
from  two  factors.  One  was  that  there  is  no  reason  to  use  the  maximum  possible 
power  to  interrogate  aircraft  in  the  track  state  when  a  lower  power  sufficed 
to  obtain  a  reply  in  the  acquisition  state.  The  other  was  that  the  power  used 
for  acquisition  interrogations  is  as  large  as  allowed  by  the  interrogation 
limiting  algorithm.  If  that  power  provided  a  detection  range  of  20  nmi.. 


there  is  little  point  in  using  it  to  interrogate  a  target  at  a  range  of  2  nrai . 
If  excess  power  is  used  to  track  a  close-in  aircraft,  the  range  at  which  other 
aircraft  are  acquired  will  he  reduced  by  the  Interrogation  Uniting  algorithm, 
thereby  reducing  the  overall  collision  protection  provided  by  the  system. 

The  manner  in  which  the  interrogat ton  power  should  be  varied  with  range 
is  not  immediately  clear.  In  the  absence  of  any  channel  fading,  a  reasonable 
procedure  would  he  to  vary  it  as  (R/Ro)2  where  R  is  the  range  of  the  aircraft 
to  be  interrogated  and  Ro  is  the  surveillance  range  for  maximum  power 
(30  nmi  ).  That  is,  the  power  used  for  a  i«.«ige  R  should  be  reduced  by 
20  log(Ro/R)  dB  from  the  power  used  at  the  maximum  range  RQ.  Since  link  fades 
due  to  multipath  and  aspect  angles  occur  frequently,  this  manner  of  varying 
the  interrogation  power  is  not  acceptable,  but  it  becones  much  more  promising 
when  an  adequate  fade  margin  is  included  in  it. 

Examination  of  link  propagation  data  Indicated  that  a  margin  of  about 
10  dB  was  more  than  adequate.  Thus  the  interrogation  power  to  an  aircraft  at 
a  range  R  might  reasonably  be  taken  to  be  10  +  20  log(30/R)  dB  below  the 
maximum  possible  power.  This  power  might  still  exceed  that  used  to 
(successfully)  acquire  the  aircraft,  so  we  limit  the  interrogation  power  to 
the  lesser  of  the  above  expression  and  the  power  used  for  acquisition. 

The  resulting  variation  with  range  is  shown  in  Fig.  4-10  and  is 
summarized  in  the  statement:  the  interrogation  power  used  for  tracking  is  the 
maximum  power  for  ranges  greater  than  10  nmi  and  decreases  as  the  square  of 
the  range  for  ranges  of  less  than  10  nmi:  however  it  never  exceeds  the 
interrogation  power  used  for  acquisition. 

For  the  issues  of  interest  here,  the  altitude  processing  in  the  Track 
state  is  identical  to  that  used  for  the  acquisition  state.  Thus  the  monitor 
state  is  assigned  to  an  aircraft  under  the  same  conditions  as  it  would  be  if 
the  processing  were  occurring  in  the  acquisition  state.  These  properties  were 
summarized  in  Fig.  4-9.  Detailed  descriptions  of  the  system  implementation 
are  given  in  (Ref.  7). 

4.6  Dormant  State 


This  state  is  assigned  when  the  reply  to  an  interrogation  indicates  that 
the  target  cannot  be  a  threat  in  range  for  a  time  that  exceeds  the  threshold 
TH,  In  such  situations  the  aircraft  should  not  he  interrogated  further  until 
a  time  TE-TH  has  elapsed.  It  is  for  this  time  that  the  aircraft  is  assigned 
to  the  dormant  state. 

At  the  end  of  the  interval  TE-TH  the  aircraft  may  possibly  become  a 
threat  again  so  its  activity  must  then  be  monitored  as  is  that  of  other 
aircraft.  That  is,  it  must  be  assigned  to  the  monitor  state  or  purged  from 
the  system.  Somewhat  better  performance  is  obtained  by  assigning  it  to  the 
monitor  state.  This  is  particularly  true  if  the  file  on  the  aircraft's 
altitude  and  altitude  rate  is  updated  during  the  time  it  is  assigned  to  the 
dormant  state  and  that  information  is  retained  when  it  is  assigned  to  the 
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Fig.  4-10.  Track  state  interrogation  power 
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Monitor  state*  This  approach  will  result  in  a  larger  number  of  aircraft  being 
assigned  to  the  monitor  state  than  would  be  If  It  were  purged  when  the 
Interval  TE-TH  has  elapsed*  However,  after  assignment  to  the  monitor  state 
from  the  dormant  state,  most  aircraft  are  soon  purged  from  the  system  In  any 
case*  Thus  assigning  the  monitor  state  to  them  does  not  stress  the  storage  or 
processing  capabilities  of  the  system. 

4.7  Performance  Evaluation 

The  performance  of  the  surveillance  processor  is  indirectly  coupled  to 
the  operational  environment  through  the  interrogation  limiting  algorithm. 

That  coupling  manifests  itself  through  the  value  that  is  assigned  to  the  MTL 
used  for  the  detection  of  squltters  and  Mode  S  fruit.  Thus  the  performance  of 
the  processor  can  be  evaluated  by  first  determining  the  MTL  values  for  which 
satisfactory  collision  protection  is  provided  and  then  determining  the  value 
that  the  MTL  will  assume  in  the  operational  environments  of  interest. 

The  results  of  the  first  step  of  that  process  are  discussed  here.  The 
conclusion  is  that  satisfactory  protection  is  provided  when  the  MTL  is  raised 
as  high  as  6  dB  above  the  nominal  value  of  -74  dBm.  As  discussed  in 
Section  5.5,  in  the  intended  operational  environments  the  MTL  will  not  be 
raised  by  more  than  6  dB  at  low  altitudes  or  3  dB  at  high  altitudes.  Thus  the 
system  can  provide  the  desired  collision  protection  in  the  Intended  operating 
environments. 

4.7.1  Performance  Goals 

TCAS  II  is  intended  to  provide  collision  protection  in  several  different 
operational  environments .  Here  the  extremes  represented  by  the  low-altitude 
high-density  environment  and  the  high-altitude,  low-density  environment  will 
be  used  to  measure  the  acceptability  of  the  design  described  in  Sections  4.1 
through  4.6.  The  transition  from  low  to  high  altitude  occurs  at  an  altitude 
of  10,000  feet. 

Below  10,000  Feet.-  At  altitudes  below  10,000  feet  TCAS  II  is  Intended  to 
provide  collision  protection  from  aircraft  on  head-on  collision  courses  at 
relative  airspeeds  of  500  lets.  In  such  encounters  the  "Threat  Boundary"  used 
In  planning  evasive  maneuvers  is  crossed  27  seconds  before  collision.  It  Is 
mandatory  that  the  aircraft  be  assigned  to  the  track  state  before  that 
boundary  is  crossed.  To  allow  some  time  for  the  planning  of  evasive  maneuvers 
It  is  desired  that,  with  a  90Z  probability,  it  be  assigned  at  least  five 
seconds  earlier. 

The  above  goal  should  be  met  when  the  TCAS  H  is  in  an  environment  of 
transponder-equipped  aircraft  that  are  uniformly  distributed  in  an  area  out  to 
a  range  of  5  nai  with  a  density  of  0.3  per  nmi2f  and  are  uniformly  distributed 
in  range  beyond  5  nmi.  That  Is,  the  number,  N(R),  of  aircraft  within  a  range 
R  is  given  by: 


N(R)  -  0.  3  R2 


for  R<3  nmi  and  by 

N(R)  -  7.5  (R/5) 

for  R  5  mi. 

Above  10,000  Feet.-  Ac  altitudes  above  10,000  feet  TCAS  II  is  to  provide 
protection  against  head-on  collisions  at  closing  speeds  of  1200  kta,  but  Che 
peak  density  of  aircraft  is  only  0.06  per  nmi2  At  these  speeds  the  threat 
boundary  is  crossed  33  seconds  before  collision.  Again  to  allow  some  tine  for 
the  planning  of  evasive  maneuvers,  it  is  desired  that  the  aircraft  be  assigned 
to  the  Track  state  at  least  five  seconds  before  the  Threat  Boundary  is  crossed 
with  a  probability  exceeding  90X. 

The  density  of  aircraft  in  which  this  requirement  oust  be  met  is  uniform 
in  area  for  ranges  leas  than  10  mi,  and  is  uniform  in  range  for  larger 
ranges.  That  is,  the  number  of  aircraft,  N(R),  within  a  range  R  of  the  TCAS 
is  given  by: 

N(R)  -  R2 

for  R<10  arid  by 

N(R)  -  100  (R/10) 

for  R  10  nmi. 

Other  Considerations.-  Several  other  factors  influence  the  system's 
performance.  These  include:  the  number  of  other  TCAS  units  operating  In  the 
area,  the  fraction  of  the  transponder-equipped  aircraft  that  carry  Mode  S 
transponders,  the  distribution  of  altitude  and  airspeed  for  those  aircraft 
and,  finally,  the  number  of  aircraft  that  are  generating  Mode  C  fruit.  All 
but  the  last  factor  Influence  only  the  value  of  the  KTL  used  for  the  detection 
of  squltters  and  fruit.  Since  the  KTL  is  treated  aa  a  free  parameter  in  this 
section,  only  the  fruit  level  needs  to  be  specified.  A  worst  case  assumption 
is  made  that  no  Mode  S  ground  sensors  are  operating  near  the  TCAS-equipped 
aircraft  so  the  fruit  environment  is  that  associated  with  the  given  spatial 
distribution  of  aircraft  when  all  of  them  carry  ATCRBS  transponders. 

4,7.2  Models 

Simulation  models  were  combined  with  non-real  time  processing  of  flight 
test  data  to  evaluate  the  system  performance.  Those  evaluations  involve  1) 
the  probability  that  a  received  signal  of  a  given  power  level  will  be  detected 
in  a  given  ATCRBS  fruit  environment,  2)  the  rate  at  which  squltters  and  Mode  S 
fruit  are  generated  by  a  transponder  and  3)  the  distribution  of  the  power 
levels  received  by  the  TCAS  and  by  the  Mode  S  transponders  it  interrogates. 

The  model  for  the  distribution  of  power  levels  was  essentially  that  used 
in  earlier  studies  of  BCAS  (Ref.  4).  The  exception  was  that  the  random 
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scan-to-scan  variation  In  the  TCAS  power  and  sensitivity  waa  elialnated  ao 
that  the  dynamic  performance  of  a  single  TCAS  unit  waa  described  rather  chan 
the  static  performance  of  an  ensemble  of  such  units.  Squiffers  are  generated 
at  the  rate  of  one  per  second,  by  design,  but  the  generation  rate  for  Mode  S 
fruit  depends  upon  the  operational  environment.  This  rate  Is  conservatively 
estimated  at  one  per  second. 

The  expression  for  the  detection  probability  was  derived  from  the  results 
available  for  an  environment  in  which  the  ATCRBS  transponders  are  uniformly 
distributed  in  area.  That  expression  la  (Ref.  7,  p.  9). 

PD  -  P0(P)  Pf  (P-10  log(p /0. 06) } 

where  P  is  the  received  power  level,  Pq(P)  is  the  detection  probability  in  the 
absence  of  fruit,  p  is  the  (uniform)  density  of  ATCRBS  transponders  and  Pf[*I 
' 8  a  function  that  accounts  for  the  effects  of  ATCRBS  fruit.  The  above 
expression  is  for  the  situation  in  which  error  correcting  decoding  is  not 
employed.  The  approximate  effect  of  error  correction  decoding  is  to  replace  p 
by  p/2,  l.e.,  to  reduce  the  fruit  density  by  a  factor  of  two. 

The  function  Pf(*]  has  been  determined  by  careful  simulation  for  a 
uniform  ATCRBS  environment  but  not  for  the  environment  of  interest  here. 
However,  a  simple  analysis  suggests  that  in  general  Pf(*j  is  given 
approximately  by  the  expresaion 

Pf(y]  -  exp  -  N(y/2) 

where  N(y/2)  Is  the  average  number  of  ATCRBS  fruit  that  overlap  a  Mode  S 
signal  and  that  are  received  at  a  power  level  exceeding  y/2. 

For  a  uniform  density  of  ATCRBS  transponders  the  above  approximation  to 
Pf(*l  agrees  reasonably  well  with  the  result  obtained  by  almulation  (Ref.  7, 
p.  9).  Therefore  it  was  used  for  the  non-uniform  distributions  specified  in 
Section  4.7.1. 


4.7.3  Results 


The  performance  of  TCAS  in  the  head-on  encounters  described  in 
Section  4.7.1  was  evaluated  by  simulating  the  operation  of  the  Mode  S 
surveillance  processor  and  driving  that  simulator  either  with  an  RP  link 
simulator  that  generated  the  models  described  in  Section  4.7.2  or  with  flight 
test  data  recorded  by  the  Airborne  Measurement  Facility  (AMF)  (Ref.  7). 

The  RF  link  simulator  was  used  as  the  driver  during  much  of  the  TCAS 
development  because  It  could  be  used  to  model  a  vide  variety  of  situations. 
Since  those  models  did  not  include  a  number  of  possibly  important  effects  such 
as  multipath,  the  available  flight  test  data  recorded  on  AMF  tapes  during  the 
BCAS  development  was  used  to  validate  the  overall  performance  of  the  system. 

In  particular,  for  the  collision  encounters  specified  in  Section  4,7.1,  the 
probability  that  the  aircraft  would  be  assigned  to  the  track  state  at  least 
t  seconds  before  the  projected  collision  time  was  determined  from  both  the 
flight  test  data  and  the  link  simulator. 
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The  desired  probability  was  obtained  by  configuring  the  simulator  and 
driver  for  a  head-on  colli nion  at  the  desired  airspeed*  altitude*  aad  fruit 
environment*  When  the  KP  link  simulator  was  used  as  a  driver,  this  merely 
entailed  setting  the  parameter  values  to  the  desired  level.  When  the  AKF 
tapes  were  used,  the  rate  st  which  the  recorded  encounters  were  sampled  was 
adjusted  to  scale  the  apparent  relative  speeda  to  the  desired  value,  and  some 
of  the  samples  were  corrupted  to  simulate  the  desired  ATCRBS  fruit 
environment.  A  series  of  encounters  were  then  run  and  analysed  to  determine 
the  probability  of  Interest*  The  results  are  discussed  below* 

4*7. 3*1  Low  Altitude  Encounter' 

Figures  4-11  through  4-14  show  the  probability  that  an  aircraft  whose 
maximum  capable  airspeed  is  100  kts  will  be  assigned  to  the  track  state  at 
least  t  seconds  before  collision  when  It  Is  on  a  head-on  collision  course  with 
the  TCAS  aircraft  at  an  altitude  of  less  than  10,000  feet  with  a  relative 
alrBpecd  of  500  kts.  A  larger  maximum  capable  airspeed  would  cause  the 
aircraft  to  be  assigned  the  track  state  even  sooner. 

The  results  are  for  the  situation  in  which  the  peak  aircraft  density  is 
0.3  per  nml  2  ancj  both  power  programming  and  error  correcting  decoding  are 
employed*  As  will  be  discussed  subsequently  they  ore  also  vslld  when  the  peak 
density  is  0.15  and  neither  power  programming  nor  error  correction  is  used* 

In  each  figure  the  projected  collision  time  is  taken  to  be  zero  and  the  time 
at  which  the  threat  boundary  Is  crossed  Is  Indicated  by  a  vertical  line. 

Performance  with  the  RF  link  Simulator.-  Figures  4-11  and  4-12  were 
obtained  by  running  3ti0  encounters  with  tKe  RF  link  simulator  and  plotting  the 
fraction  of  the  runs  for  which  aircraft  were  assigned  the  track  state  at  least 
t  seconds  before  the  projected  collision.  Thus  for  the  encounters  described 
by  the  rightmost  curve  in  Fig.  4-11  all  of  the  aircraft  were  assigned  to  the 
Crack  state  about  20  seconds  before  the  threat  boundary  was  crossed* 

Figure  4-11  applies  to  normal  operation  of  the  surveillance  processor 
with  KTL's  raised  6,  9,  and  12  dB  above  nominal  for  the  detection  of  Mode  S 
squltters  and  fruit.  For  KTL's  raised  by  6  and  9  dB,  90Z  of  the  aircraft  are 
assigned  the  track  state  about  20  seconds  before  the  threat  boundary  is 
crossed.  The  performance  differs  little  for  these  values  because  nearly  all 
of  the  aircraft  are  assigned  to  the  dormant  state  well  before  the  threat 
boundary  Is  crossed  and  are  reassigned  to  the  monitor  state  only  when  they  are 
close  to  the  threat  boundary  and  the  link  reliability  is  even  higher.  Thus 
the  performance  for  these  KTL's  is  determined  by  the  time  required  to  assign 
an  aircraft  to  the  track  state  when  the  link  reliability  ia  high.  In  such 
situations  one  can  cause  the  aircraft  to  be  assigned  to  the  track  state 
T  seconds  earlier  by  merely  increasing  the  threshold  TH  from  its  nominal  value 
of  41  seconds  to  41  +  T  Seconds.  This  can  be  done  so  long  as  the  aircraft  are 
still  detected  and  assigned  the  dormant  state  well  before  the  new  threshold  is 
crossed. 


FRACTION  OF  AIRCRAFT  N  TRACK 
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Fig.  4-11.  Low  altitude  coision  protection  for  normal 
operation  with  MTL's  of  6,  9,  and  12dB. 
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Fig.  4-12.  Low  altitude  collision  protection  with  the  bottom 
antenna  disabled  for  MTL's  of  6,  9,  and  12d8. 
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Fig.  4-13.  Low  attitude  collision  protection  inferred 
frorr  7  flight  tests  conducted  over  land. 


The  situation  changes  when  the  MTL  is  increased  by  12  dB.  Then  a 
significant  number  of  aircraft  are  not  detected  until  the  time-to-endanger  is 
less  than  TH  and  the  performance  curve  is  determined  by  the  time  at  which  the 
aircraft  are  first  detected.  Even  then  the  performance  of  the  surveillance 
processor  is  satisfactory  in  that  90%  of  the  aircraft  are  assigned  to  the 
track  state  15  seconds  before  the  threat  boundary  is  reached.  To  provide  a 
scale  of  reference,  it  will  be  seen  in  Section  5.5  that  the  MTL  increase  does 
not  exceed  6  dB  in  the  environments  for  which  TCAS  is  designed  to  operate. 

As  Indicated  earlier,  the  RF  link  simulator  used  to  obtain  the  above 
results  does  not  realistically  model  the  effects  of  multipath  and  fades  due  to 
shadowing.  Some  measure  of  the  magnitude  of  these  effects  can  be  gained  by 
introducing  a  20  dB  fixed  loss  in  the  simulated  bottom-mounted  antenna.  The 
probabilities  that  were  obtained  when  the  encounters  described  above  were 
repeated  with  this  loss  inserted  are  shown  in  Fig.  4-12. 

It  Is  apparent  from  Fig.  4-12  that  the  loss  of  the  bottom  antenna  has 
very  little  effect  upon  the  track  probability  when  the  MTL  is  raised  6  dB. 
Essentially  all  of  the  aircraft  are  still  assigned  to  the  track  state  about 
20  seconds  before  the  threat  boundary  is  reached.  The  effect  of  the  added 
loss  is  more  pronounced  when  the  MTL  is  raised  9  or  12  dB,  but  even  then,  at 
least  90%  of  the  aircraft  are  assigned  to  the  track  state  before  the  threat 
boundary  is  crossed.  However,  for  an  MTL  increase  of  12  dB,  small  changes  in 
the  model  for  the  system  noises  may  cause  significant  changes  in  the  time  at 
which  90%  of  the  aircraft  are  in  track.  That  is,  the  performance  will  be  ouch 
more  robust  when  the  MTL  is  raised  6  dB  than  when  It  is  raised  12  dB, 

Performance  with  AMF  Data.-  Further  evidence  that  the  Mode  S  surveillance 
processor  will  provide satisfactory  collision  protection  for  the  head-on 
encounters  under  discussion  was  obtained  by  driving  the  simulated  processor 
with  AMF  tapes  of  thirteen  head-on  encounters.  The  characteristics  of  the 
encounters  are  described  in  Table  4-4.  As  discussed  above  the  relative 
airspeed  and  fruit  environment  were  scaled  to  the  values  of  interest  here.  In 
particular,  the  encounters  were  speeded  up  to  a  closing  speed  of  500  kts 
rather  than  the  actual  airspeeds  of  the  aircraft  listed  in  the  table. 

The  six  encounters  flown  over  water  exhibited  substantially  inferior 
perT  rmance  compared  to  the  flights  that  occurred  over  land  at  the  same 
altitude.  This  was  probably  due  to  multipath  interference,  but  other  causes 
such  as  equipment  failures  cannot  be  ruled  out.  Because  of  the  disparity  in 
performance  between  the  two  kinds  of  flights,  the  track  probability  was 
determined  for  each  set  separately.  Figures  4-13  and  4-14  show  the  results 
obtained  from  the  over-land  and  over-water  flights,  respectively,  for  MTL 
increases  of  6,  9,  and  12  dB.  Each  figure  also  contains  the  curve  from 
Fig.  4-11  for  an  MTL  increase  of  12  dB. 

The  performance  obtained  with  the  over-land  AMF  tapes  is  very  similar  to 
that  obtained  with  the  RF  link  simulator.  This  implies  that  the  link 
reliabilities  in  the  over-land  flights  were  large  enough  that  the  Dormant 
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TABLE  4-4 


CHARACTERISTICS  OF  RECORDED  FLIGHT  ENCOUNTERS. 


Aircraft 

tcas 

OTHER 

SURFACE 

B727 

BONANZA 

LAND 

C580 

C421 

•  • 

C580 

C172 

*  • 

C421 

BONANZA 

•  • 

C421 

C172 

•  • 

C421 

CHEROKEE 

■  • 

C421 

CHEROKEE 

*  • 

B727 

BONANZA 

WATER 

C580 

C421 

•  • 

C580 

C172 

•  • 

C421 

BONANZA 

•  » 

C421 

BONANZA 

•  • 

C42I 

CHEROKEE 

•  •  i 

Note:  All  encounters  were  head-on  at  about  5,000  feet  MSL. 
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state  was  assigned  well  before  the  threat  boundary  was  reached*  In  contrast, 
the  performance  obtained  with  the  over-water  flights  differed  markedly  from 
the  over-land  performance  at  MTL  increases  of  9  and  12  dB,  but  was  comparable 
at  an  MTL  of  6  dB.  Detailed  examinations  of  the  records  indicated  that  the 
difference  was  caused  by  signal  fades  for  which  the  link  was  unreliable  at  MTL 
increases  of  9  and  12  dB,  but  for  which  it  was  still  reliable  at  an  MTL 
Increase  of  6  dB. 

Conclusions.-  Satisfactory  collision  protection  against  the  stipulated 
head-on  encounter  is  provided  in  all  situations  when  the  MTL  is  no  more  than 
6  dB  above  nominal,  and  is  not  provided  when  the  MTL  is  raised  by  9  dB.  If 
the  over-water  AMF  tapes  were  not  included  in  the  analysis,  an  MTL  increase  of 
12  dB  might  be  acceptable  but  the  protection  would  then  be  sensitive  to  the 
details  of  the  link  disturbances. 

The  above  conclusions  are  based  upon  simulations  in  which  the  peak 
aircraft  density  was  0.3  per  nmi2  and  both  power  programming  and  error 
correcting  decoding  were  used  in  the  surveillance  processor.  However,  they 
are  also  valid  for  a  situation  in  which  the  peak  aircraft  density  is  0.15  per 
nmi 2  antj  neither  power  programming  nor  error  correcting  decoding  is  used. 

There  are  two  reasons  for  this. 

First,  the  parameters  of  the  power  programming  were  chosen  so  that  they 
did  not  compromise  the  collision  protection  provided  by  the  system  when  the 
MTL  is  fixed.  Thus,  the  removal  of  power  programming  does  not  effect  the 
results  presented  in  Figs.  4-11  through  4-14.  Second,  the  aircraft  density 
influences  the  collision  protection  afforded  at  a  given  MTL  setting  only 
through  the  ATCRBS  fruit  associated  with  it.  Thus  changing  the  peak  density 
from  0.3  to  0.15  will  Improve  the  performance  by  reducing  the  interference 
from  such  fruit.  As  discussed  in  Section  4.7.2  that  improvement  has  been 
estimated  to  be  equivalent  to  a  factor-of-two  increase  in  the  argument  of  the 
function  p£ f *  J .  On  the  other  hand,  the  elimination  of  error  correcting 
decoding  has  been  estimated  to  be  equivalent  to  a  factor-of-two  decrease  in 
the  argument  of  Pf[*J.  Thus  the  two  factors  cancel  and  the  link  simulator 
parameters  remain  unchanged. 

4. 7. 3. 2  High  Altitude  Encounters 

The  collision  protection  provided  at  altitudes  above  10,000  feet  was 
determined  in  much  the  same  way  as  it  was  for  lower  altitudes. 

Performance  with  the  RF  Link  Simulator.-  Figures  4-15  and  4-16  give  the 
probahl lity  that  an  aircraft  wiTl^ie  assTgned  to  the  track  state  at  least 
t  seconds  before  collision  when  it  Is  on  a  head-on  collision  course  with  the 
TCAS  aircraft  at  an  altitude  of  more  than  10,000  feet  with  a  relative  airspeed 
of  1200  kts  and  both  aircraft  have  a  maximum  capable  airspeed  of  600  kts. 
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Fig.  4-15.  High  attitude  collision  protection  for  normal 
operation  with  MTL's  of  0,  3,  and  6  dB. 


Fig.  4-16.  High  attitude  protection  with  the  bottom  antenna 
disabled  for  MTL's  of  0,3,  and  6dB. 
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The  results  were  obtained  with  the  RF  link  simulator  and  are  for  the 
situation  in  which  the  peak  density  is  0.06  per  tmi 2  af>f}  both  power 
programming  and  error  correction  decoding  are  employed.  For  the  reasons  given 
at  the  end  of  Section  A. 7. 3.1  they  also  apply  to  the  situation  in  which  the 
peak  density  is  0.03  and  neither  power  programming  nor  error  correction  is 
used . 


The  interpretation  of  the  figures  is  slmlllar  to  that  of  Fig.  4-11  and 
requires  little  elaboration.  It  is  clear  from  Fig.  4-15  that  when  both 
antennas  are  operating  normally,  the  performance  is  satisfactory  for  KTL 
Increases  of  0  and  3  dB,  but  not  for  6  dB.  For  purposes  of  comparison  in  the 
high-altitude  environments  for  which  TCAS  is  intended,  the  MTL  will  not  exceed 
3  dB. 


A  measure  of  the  robustness  of  the  above  result  is  provided  by  Fig.  4-16 
in  which  it  is  assumed  that  a  fixed  loss  of  20  dB  is  inserted  in  one  of  the 
antennas.  Even  with  this  loss,  an  least  90%  of  the  aircraft  are  assigned  to 
the  track  state  before  the  threat  boundary  is  crossed  when  the  MTL  is  raised 
by  0  or  3  dB. 

Performance  with  AMF  Data. -Only  two  of  the  encounters  listed  in  Table  4-4 
were  started  at  large  enough  ranges  to  be  useful  in  evaluating  the  performance 
of  the  surveillance  processor  against  high-speed  aircraft.  For  one  of  these 
(C421,  Bonanza,  land)  the  track  state  was  assigned  40  seconds  before  collision 
for  all  three  values  of  the  MTL.  For  the  other  (B727,  Bonanza,  water)  it  was 
assigned  40  seconds  before  collision  when  the  MTL  was  raised  by  0  and  3  dB  and 
33  seconds  before  collision  when  it  was  raised  by  6  dB.  These  times  are 
consistent  with  those  obtained  with  the  RF  link  simulator. 
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5.  INTERFERENCE  LIMITING 

Interference  Halting  is  carried  out  by  each  TCAS  II  unit  to  keep 
interference  effects  to  other  ays teas  at  an  acceptably  low  level.  As 
described  in  Chapter  2  (Sec.  2.1  and  2.5)  the  interference  Halting  standards 
previously  developed  for  BCAS  had  to  be  aodified  in  the  TCAS  developaent 
prog ran  for  several  reasons:  (1)  to  provide  for  directional  interrogation. 

(2)  to  control  self  suppression,  and  (3)  to  control  the  fruit  generated  by 
TCAS. 

Interference  Halting  standards  have  been  developed  in  a  fora  suitable 
for  adoption  as  a  National  Standard.  These  standards,  described  in  the  next 
section,  are  inequalities  that  specify  aaxlmura  values  of  interrogation  power 
and  interrogation  rate.  A  given  TCAS  II  unit  conforms  to  these  standards  by 
means  of  interference  limiting  algorithms  (Sec.  5.2),  which  are  not 
standardized  in  detail.  For  example,  a  directional  unit  and  an 
omnidirectional  unit  may  eaploy  different  interference  limiting  algorithms,  as 
long  as  the  standards  are  satisfied. 

5.1  Interference  Limiting  Standard 


The  Interference  Halting  standards  consist  of  three  Inequalities  to  be 
satisfied  by  each  airborne  interrogator.  They  are  summarized  in  Fig.  5-1. 

The  three  inequalities  correspond,  respectively,  to  three  interference 
phenomena:  (1)  air-to-air  effects  on  transponder  reply  ratio,  (2)  suppression 

of  the  on-board  transponder,  and  (3)  generation  of  Node  C  fruit. 

These  inequalities  were  originally  derived  analytically.  Subsequently 
they  have  been  tested  through  a  comprehensive  and  detailed  simulation  study  at 
the  Electromagnetic  Compatibility  Analysis  Center  (ECAC)  in  Annapolis. 

5.1.1  Derivations 

The  following  derivations  illustrate  the  nature  of  the  issues  Involved. 

5. 1 . 1. 1  Reply  Ratio 

A  Limit  of  22  has  been  placed  on  the  reduction  in  transponder  reply  ratio 
caused  by  TCAS  II.  This  is  a  conservative  basis  for  interference  limiting 
since  a  drop  in  reply  ratio  of  22  would  not  significantly  affect  the 
reliability  of  tracking  aircraft  from  a  ground-based  interrogator. 

An  initial  question  is  how  to  allocate  the  22  total  into  its  two  parts, 
(1)  effects  on  transponders  in  other  aircraft,  and  (2)  effects  on  own 
transponder.  The  total  could  be  divided  into  two  fixed  equal  parts  (12  each), 
or  into  two  fixed  unequal  parts,  or  into  variable  parts  at  the  discretion  of 
each  manufacturer. 

A  variable  allocation  would  be  undesirable  since  it  could  result  In  the 
following  situation.  Imagine  two  populations  of  TCAS  II  interrogators,  type  A 
in  which  1,92  of  the  22  drop  in  reply  ratio  Is  allocated  to  suppression  of 
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I  P(i)  280 

(1)  i,  - <  the  smaller  of  [  - ,  18  ] 

i-1  250  NT  +  1 


I 

(2)  l  M( 1 )  <  0.01  sec. 
i-1 


1  K  ?A(k)  80 

(3)  -  l  - <  the  smaller  of  [ - ,  5  ] 

B  k-1  250  NT  +  1 

where  the  variables  in  these  inequalities  are  defined  as  follows: 

I  -  total  number  of  interrogations  transmitted  by  own  TCAS  It  in  a 
1-second  period. 

i  -  index  number  for  all  interrogations;  1  -  l,  2.....  I. 

P(l)  -  total  radiated  power  (in  watts)  from  the  antenna  for  the  itl1 
interrogation. 

NT  onboard  estimate  of  TCAS  II  interrogators  within  30  nml ,  obtained  by 
counting  TCAS  Broadcast  Interrogations,  detected  with  a  transponder 
receiver  threshold  of  -74  dBm. 

B  -  beam  sharpening  factor  (ratio  of  3-dB  beaawidth  to  beamwidth 
resulting  from  interrogation  sidelobe  suppression). 

M(i)  -  duration  of  the  self  suppression  (or  “mutual  suppression**) 

interval  for  own  transponder  associated  with  the  i*-*1  interrogation. 

K  »  total  number  of  Mode  C  interrogations  transmitted  by  own  TCAS  II  in  a 
1-second  period. 

k  -  index  number  for  Mode  C  Interrogations;  k  -  1,  2,...,  K. 

PA(k)  -  total  radiated  power  (in  watts)  from  the  antenna  for  the  ktl*  Mode 
C  Interrogation. 


Fig.  5-1.  Interference  limiting  standard. 
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own  transponder,  and  type  B  in  which  1.9*  of  the  2Z  drop  in  reply  ratio  is 
allocated  to  air-to-air  effects.  It  follow*  that  the  transponders  on  all  of 
the  type  A  aircraft  would  experience  a  total  degradation  considerably  sore 
than  21,  Such  conditions  are  avoided  if  the  allocation  associated  with  each 
effect  is  fixed  and  standardized. 

The  next  question  is  whether  the  division  should  be  into  equal  or  unequal 
parts.  No  reason  has  become  evident  to  prefer  allocating  aore  than  half  of 
the  total  to  either  of  the  two  aechanisms,  so  the  allocation  adopted  aa  the 
standard  is  staple  equality:  IZ  for  each. 

Derivation  of  the  inequality  Co  Halt  air-to-air  effects  to  1Z  begins 
with  an  idealized  situation,  and  then  in  a  aeries  of  steps,  reaoves  the 
Idealizations  one-by-one. 

Step  1.  Idealized  Model.  Xaaglne  a  population  of  airborne  TCAS 
Interrogators,  uniformly  distributed  with  a  density  D  (interrogators/nai2) , 
all  transmitting  omnidirectionally ,  all  transaittlng  at  a  power  of  250  watts 
(the  total  amount  radiated  from  the  antenna),  and  all  interrogating  at  a 
common  rate  I  (interrogations/sec) .  The  question  is:  what  la  the  naxlaua 
value  of  I  such  that  the  rate  of  Interrogations  received  at  a  victia 
transponder  of  MTL  -  -74  dBm,  referred  to  the  antenna  (which  Is  the  nominal 
MTL) ,  satlfles: 


(average  reception  rate)  (35  s)  0.01 

To  answer  this,  it  is  necessary  to  know  how  many  interrogators  are  within 
range  .  Under  the  stated  conditions,  the  Interrogation  range  Is  30  nal*. 
Thus  letting  T(30)  be  the  number  of  interrogators  within  a  30  nal  radius: 

average  reception  rate  *  T(30)  I 


where. 


T(30)  -  (30  ml)2  D 

Thus  the  maximum  value  of  I  is: 

280 

l  - - 

T(  30) 

Step  2.  Other  Power  Levels.  Generalize  the  situation  by  allowing  the 
interrogation  power  P  to  be  any  value,  but  the  same  for  all  interrogations. 
The  interrogation  range  becomes: 

R  -  30  ml  (P/250)l/2 


♦Interrogation  range  refers  to  the  range  at  which  the  power  margin  Is  0  dB. 
Its  value  can  be  calculated  (and  confirmed  to  be  30  nai)  using  the  method 
given  in  Ref.  4,  page  2. 


5-3 


and  the  aaxirsus  Interrogation  rate  becomes: 


280 

T(R) 

But  since 

R  2  P 

T<R)  “  T(30)  ( - )  -  T(30)  ( - ) 

30  250 

the  relationship  Halting  Interrogation  rate  can  be  written: 

P  280 

( - )  I  - - 

250  T( 30) 

Step  3«  A  Mix  of  Powera  and  Rates.  Generalise  further  by  allowing 
different  races  and  powers  for  different  lnterrogatora.  Each  interrogator  la 
constrained  to  operate  at  soae  rate  and  power  whose  product  satisfies  the 
result  In  Step  2.  The  issue  is  to  show  that  the  reception  rate  is  still  the 
saae  as  in  Step  2,  naaely  280/sec. 

Let  f|,  f2,  f3>...  denote  fractions  of  the  Interrogator  population 
corresponding  to  different  rate-power  values. 

The  interrogators  constituting  the  fraction  f^  transmit  at  a  rate  “ 
and  power  -  P*.  where: 

Pt  280 

( - )  Ii  - - 

250  T(30) 

and  where: 


f  1  ♦  *2  +  *3  1 

Since  the  density  of  type  1  interrogators  is  D  fj,  it  follows  that  the 
reception  race  from  all  of  the  type  l  Interrogations  Is  280fj.  Thus  the  total 
reception  rate  Is  just: 

280‘j  +  280f j  +  280f3  +  ...  -  280 

Step  4.  Different  Powers  From  Each  Interrogator.  Generalize  further  by 
allowing  a  mix  of  powers  to  be  transmitted  by  any  one  Interrogator  providing 
they  satisfy: 


P  280 

250  T(30) 
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where  Che  sumadon  Includes  all  Che  interrogations  In  1  second.  The  issue  is 
to  show  that  the  reception  rate  is  still  280/sec. 

Let  fi,  f2.  be  defined  as  in  Step  3,  and  let  Pjj  and  Ijj  denote 

the  power  and  rate  of  the  interrogations  transmitted  by  an  interrogator  of 
type  i  and  power  level  j.  Since  the  result  in  Step  2  can  be  stated: 

P 

(reception  rate  *  _  x  I  x  T(30) 

at  victim)  250 

it  follows  that  the  receptions  due  to  the  i-j  interrogations  occur  at  a  rate: 
pij 

( - )  *  lii  x  T(30)  x  ft 

250 

The  total  reception  rate  Is  the  sum  of  such  contributions: 

(total  reception  Pjj 

rate)  =  2.  ),  x - x  1^,  x  T(30)  x  f^ 

1  1  250 

Since  the  constraint  on  each  interrogator  causes  the  j~sunmatlon  to  equal 
280/T(30),  the  total  reception  rate  is  just: 

(total  reception  280 

race)  =*  1  - x  t(30)  x  *  280/sec. 

1  T(30) 

Step  5.  Elevation  Patterns.  The  results  so  far  apply  to  idealized 
omnidirectional  antenna  patterns.  Now  consider  realistic  elevation  patterns 
for  aircraft  antennas  mounted  on  the  top  and  bottom  of  the  fuselage  (still 
omnidirectional  in  azimuth). 

Elevation  effects  depend  on  which  antennas  are  involved:  whether 
interrogations  are  transmitted  from  top  and  bottom,  and  whether  reception  is 
via  the  top  and  bottom  antenna.  The  bottora-to-bottom  case  approximates  the 
ideal  omnidirectional  characteristics,  since  as  elevation  is  increased  above 
0  degrees,  the  gain  of  the  transmitting  antenna  decreases  (due  to  increasing 
obstruction  by  the  fuselage)  while  the  gain  of  the  receiving  antenna  increases 
(due  to  an  improvement  in  the  geometry  relative  to  the  ground  plane).  These 
two  effects  tend  to  counteract  each  other,  and  the  same  is  true  as  elevation 
is  decreased.  The  resulting  coverage  pattern  is  similar  to  omnidirectional , 
except  for  being  less  at  very  high  and  very  low  elevition  aigles.  Thus  the 
limiting  formula  developed  above  may  reasonably  be  applied  to  bottom-to-bottom 
interrogation,  and  may  be  expected  to  be  conservative  in  the  sense  that  the 
total  received  rate  will  be  somewhat  reduced  by  the  departures  from  the  ideal 
at  very  higl  and  very  low  elevation  angles. 
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In  the  case  of  transmission  froa  a  top  antenna  to  a  bottom  antenna,  the 
coverage  pattern  is  considerably  different.  It  agrees  with  the 
bottoo-to-bottom  coverage  at  0  degrees  but  has  more  margin  above  and  less 
margin  below.  These  two  departures  from  omnidirectional  behavior  may  be  said 
to  counteract  each  other:  for  a  given  receiving  transponder,  those 
interrogators  at  lower  altitudes  contribute  more  (relative  to  omnidirectional 
behavior),  and  those  Interrogators  at  higher  altitudes  contribute  less.  Here 
again,  the  limiting  formula  developed  above  appears  to  be  a  serviceable 
control  on  the  total  reception  rate. 

In  regard  to  coverage,  top-to-top  links  behave  like  bottom-to-bcttom 
links,  while  bottom-to-top  links  behave  like  top-to-bottom  links.  Thus  it 
seems  reasonable  to  use  the  formula  developed  in  Step  4,  applying  the  formula 
independently  of  whether  the  Interrogations  are  transmitted  from  top  or  bottom 
antenna. 

Step  6.  Azimuth  Patterns.  The  results  developed  up  to  this  point  apply 
to  interrogations  transmitted  omnidirectionally  in  azimuth.  Now  the  situation 
is  generalized  to  include  directional  interrogation.  Given  that  the 
interrogators  all  satisfy  the  formula  given  in  Step  4,  the  issue  is  two  show 
that  the  average  reception  rate  is  still  280/sec. 

Decompose  the  total  population  of  interrogations  into: 

•  types  of  interrogators,  i  ■  1,2, j 

•  classes  of  interrogations  from  t  e  interrogators: 

J  ■  1,2,3...,  each  class  having  a  p<  we r  P^j  and  rate  Ijj 

•  subdivisions  of  the  i-j  Interrogations  into  azimuth  sectors  small 

enough  to  have  approximately  constant  antenna  gain,  let 

Aijk  the  azimuth  width  of  this  sector. 

Since  the  result  froa  Step  2  can  be  stated: 

P 

(reception  rate  «  -  x  I  x  T(30) 

at  victim)  250 

it  follows  that  the  receptions  due  to  the  interrogations  associated  with  G^jj^ 
are  at  a  rate 


pij  Aijk 

(G^j^  reception  rate)  - - x  Gj4k  x - x  T(30)  x  fj 

250  360® 


(total  reception  Pji  Aijk 

rate)  -  T(30)  l  t±  l  - x  ItJ  x  [J  G1Jk - ] 

i  j  250  k  360° 


5-6 


The  k  summation  Is  just  the  average  antenna  gain  In  azimuth,  which  is  unity. 
Thus  this  expression  reduces  to  the  form  treated  in  Step  4,  and  simplifies  to; 

total  reception  rate  ■  280/sec. 

Step  7.  Imperfect  Knowledge  of  Density.  Up  to  this  point,  the 


constraint  on  rate  and  power: 

l 

P 

280 

250 

T(  30) 

has  been  expressed  in  terms  of  the  density  D  of  TCAS  interrogators,  through 
the  factor 


T(30)  *  x  (30  rani)2  D 

which  is  the  average  number  of  interrogating  aircraft  within  30  nmi.  The  next 
question  addressed  is  how  to  implement  this  constraint,  or  an  approximation  to 
it,  on  board  each  interrogating  aircraft  where  an  exact  knowledge  of  D  is  not 
available. 

One  obvious  approach  is  to  have  each  aircraft  count  the  actual  number  of 
lnterrgators  within  30  rani  and  use  this  count  N  as  an  estimate  of  T(30).  This 
would  probably  work  well  when  T(30)  is  large,  since  some  aircraft  would  by 
chance  obtain  a  higher  than  average  value  of  N  and  others  would  obtain  a  lower 
than  average  value.  When  T(30)  is  large,  these  chance  deviations  would  be 
small  fractions  of  the  mean  value,  so  that  the  penalty  resulting  from  a 
larger-than-average  value  of  N  would  not  be  severe,  and  furthermore  the  total 
reception  rate  would  be  nearly  the  same  as  if  each  interrogator  had  used  the 
exact  value  of  density.  There  is,  however,  a  bias,  due  to  the  fact  that; 

1  1 

average  -  >  - 

N  average  (N) 

the  bias  is  in  the  direction  which  would  increase  interference  if  this  simple 
rule  were  used.  The  bias  is  small  when  T(30)  is  large,  but  can  become 
exceedingly  large  when  T(30)  is  small.  Consider  the  case  in  which  some 
interrogating  aircraft  obtains  a  count  N-0.  Then  using  the  constraint: 

P  280 

250  N 

this  aircraft  would  be  able  to  interrogate  at  arbitrarily  high  rates  and 
powers,  and  so  a  reception  rate  of  <  280/sec.  could  not  be  assured.  This  form 
of  limiting  standard  would  be  unsatisfactory. 
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Consider  the  staple  change  of  adding  1  to  N, 


P  280 

I  —  <  — 

250  N+l 

This  change  effectively  biases  the  total  Interferences  back  in  the  other 
direction  (reducing  interference).  It  also  eliminates  the  problem  associated 
with  occurrences  of  N»0.  Futhermore,  this  change  has  a  negligible  effect  when 
T(30)  becomes  large,  under  which  conditions  there  was  no  need  for  such  a 
change.  This  formulation,  therefore,  seems  to  be  a  satisfactory  way  of 
dealing  with  the  imperfect  knowledge  of  density. 

Step  8.  Non-Uniform  Aircraft  Density.  In  reality,  of  course,  aircraft 
density  is  not  uniform  as  has  been  the  idealization  throughout  the  above. 
Higher  densities  around  metropolitan  areas  are  to  be  expected  and  have  been 
observed  through  measurements  (Ref.  5). 

Even  where  density  is  not  constant,  it  seems  reasonable  to  use  the  same 
interference  limiting  standard  as  derived  in  Step  7.  This  limiting  inequality 
has  a  built-in  adaptability  to  density;  rather  than  being  based  on  any 
prespecified  density,  the  inequality  causes  each  Interrogator  to  adjust  to  the 
local  density  around  that  Interrogator.  For  example.  In  any  region  where 
there  is  a  uniform  rate  of  change  of  density,  each  Interrogator  would  be 
controlled  by  the  average  density  in  a  region  centered  at  that  aircraft.  A 
victim  transponder  would  receive  interrogations  from  a  higher  density  side  and 
a  lower  density  side.  The  higher  density  side  would  have  more  numerous 
interrogators,  but  with  each  transmitting  at  a  proportionately  reduced  rate; 
and  vice  versa  for  the  low  density  side.  Thus  the  total  effect  at  the  victim 
transponder  would  be  approximately  the  same  as  if  the  density  were  uniform. 

5. 1.1.2  Suppression  of  Own  Transponder 

Suppression  of  own  transponder  can  be  limited  to  IT  or  less  by 
constraining 


lM(i> 

-  <  o.oi 

1  sec. 

where  the  summation  is  over  1  second,  and  where  the  extent  of  the  on-board 
transponder  suppression  period  accompanying  the  ith  interrogation,  M(i),  may 
vary  as  a  function  of  i.  This  is  rewritten  to  appear  in  the  limiting  standard 
in  the  form 


£m(1)  <  0.01  sec. 


5. 1. 1.3  Fruit 


The  basis  for  the  fruit-limiting  inequality  is  that  the  Mode  C  fruit 
generated  by  TCAS  should  not  be  greater  than  20Z  of  the  present  peak 
transponder  reply  rate.  Such  an  Increase  will  not  significantly  affect  the 
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performance  of  the  ground-based  surveillance  system.  Furthermore,  the  peak 
reply  rate  has  steadily  declined  over  the  last  decade  as  a  result  of  programs 
to  reduce  overinterrogation.  It  is  expected  that  this  trend  will  continue  and 
that  the  rates  will  decline  even  more  when  existing  sensors  are  replaced  with 
Mode  S  sensors. 

Currently,  the  peak  Mode  C  reply  rate  in  areas  of  Intense  ground 
Interrogation  activity  Is  approximately  200  replies  In  a  one-second  period, 
provided  that  all  interrogators  are  operating  normally  (Ref.  8). 
(Omnidirectional  sensors  interrogating  at  high  rates,  or  sensors  operating 
without  sldelobe  suppression  can  result  in  reply  rates  considerably  higher 
than  200  per  second;  but  these  are  not  normal  operating  conditions). 

Thus,  for  any  transponder,  the  Mode  C  reply  rate  due  to  TCAS 
interrogations,  RRT,  must  be  less  than  0.2  times  200  per  second.  That  is, 

RRT  <  40  per  sec. 

RRT  is  proportional  to  the  number  of  detectable  whisper-shout  sequences 
received  by  the  transponder  each  second  (reduced  by  a  transponder 
beam-sharpening  factor)  and  it  is  proportional  to  the  average  number  of 
replies  transmitted  by  the  transponder  In  response  to  each  whisper-shout 
sequence. 

That  Is, 


1 

RRT  -  -  x  (SW)  x  (RPW)  <  40  per  sec., 

B 

where  B  is  the  beam  sharpening  factor,  SW  is  the  total  number  of  whisper-shout 
sequences  detected  by  the  transponder  each  second,  and  RPW  is  the  average 
number  of  replies  transmitted  by  the  transponder  in  response  to  a 
whisper-shout  sequence. 

The  significance  of  the  beam  sharpening  factor  is  illustrated  in  Fig.  5-2 
for  a  four-beam  directional  antenna.  The  area  in  which  transponder  replies 
are  generated  is  a  subset  of  the  area  in  which  the  whisper-shout 
interrogations  can  be  detected,  because  the  P2  beam-sharpening  control  pattern 
suppresses  transponders  outside.  (For  example,  measurements  of  the 
Dalrao-Victor  four-beam  antenna  indicate  that  the  detection  area  is 
approximately  20%  larger  than  the  reply  area.  So,  for  that  antenna,  B  *  1.2). 

Using  reasoning  Identical  to  that  of  the  derivation  of  the  first 
inequality  presented  above,  the  sum  of  the  whisper-shout  sequences  detected 
each  second  is 


Pmax 

SW  -  (NT  +  1)  l - , 

250 
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— boundary  of  W-S 
detection  area 


reply  area 
detection  area  for  W-S  interrogations 


Fig.  5-2.  Beam  sharpening  factor,  B. 


where  NT  is  the  number  of  other  TCAS  units  within  a  nominal  30-nml  detection 
range,  and  Pmax  is  the  power  (in  watts)  of  the  higheat-pouer  interrogation 
transmitted  in  each  whisper-shout  sequence. 

In  the  specific  whisper-shout  sequence  used  in  the  December  1982 
Los  Angeles  testing,  Pmax  is  one-fifth  of  the  sum  of  the  total  radiated  powers 
for  the  individual  Node  C  interrogations,  PAi.  That  is 

Pmax  1  PA(i) 

250  5  t  250 

This  whisper-shout  sequence  has  been  experimentally  determined  to  generate 
approximately  2.5  replies  per  transponder  on  average;  thus  RPW  «  2.5. 

Substituting  these  factors  into  the  above  equations  and  rearranging  terms 
gives  the  third  inequality  in  the  standard  form: 

1  PA(i)  80 

B  t  250  NTA+1 

To  this  inequality,  a  fixed  upper  limit  is  added  to  control 
interrogations  in  cases  when  NT  is  small.  This  limit  is  based  on  the  power 
sum  values  (left  hand  side  of  the  above  inequality)  for  the  particular  designs 
developed  in  this  program,  the  designs  tested  in  December  1982  in  Los  Angeles 
(Pig.  3-15).  These  power  sum  values  are 

1  PA(i) 

-  Z  - — —  ”  5  omnidirectional  design 

B  i  250 

2.5  directional  design 
The  third  limiting  inequality  becomes 

1  PA(i)  80 

-  Z - <  the  smaller  of  [ - ,  5  ] 

B  i  250  NT  +  1 

Thus  the  limit  on  the  right  hand  side  remains  constant  as  NT  increases  up  to 
15. 


A  similar  fixed  upper  limit  is  added  to  the  first  limiting  inequality. 
Here  again  the  value  of  the  limit  for  NT  -  15  is  taken  as  a  fixed  upper  limit 
even  for  lower  values  of  NT. 


P(i)  280 

Z - <  the  smaller  of  [ - -  ,  18  ] 

i  250  NT  +  1 
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5.1.2  Interference  Simulation 


Following  the  analytical  derivation  of  interference  Halting  standards, 
these  standards  are  being  tested  through  an  interference  siaulatlon  conducted 
by  ECAC.  This  is  a  large  scale  simulation  encompassing  an  extensive  RF 
environment  of  many  transmitters  and  receivers,  while  also  Including  a 
detailed  representation  of  events  at  the  microsecond  level.  A  number  of 
scenarios  in  the  Los  Angeles  Basin  were  simulated.  The  simulation  includes 
specific  ground-based  SSR's  whose  locations  and  transmitting  characteristics 
(such  as  transmitter  power,  antenna  scan  rate,  and  Interrogation  repetition 
frequency)  are  taken  from  a  Master  File  of  existing  interrogators.  Aircraft 
traffic  Is  represented  as  a  set  of  specific  aircraft  locations  and  types, 
taken  from  the  traffic  model  in  Ref.  9.  A  very  large  amount  of  computer  time 
is  required  to  run  the  simulation  for  each  scenario.  A  detailed  description 
of  the  simulation  is  given  in  Ref.  10. 

The  simulated  scenarios  are  In  pairs:  with  and  without  TCAS  activity. 

The  subject  whose  performance  is  being  examined  is  the  SSR  at  Long  Beach.  The 
simulation  determines  for  each  scenario: 

•  X  in  track,  the  percentage  of  aircraft  in  track  at  a  given  time 

•  X  updated,  for  the  aircraft  in  track,  the  percentage  whose  tracks 
are  are  updated  with  a  new  measurement  of  range  and  altitude  in  a 
given  scan 

The  main  simulation  results  are  in  this  form,  relating  to  performance 
attributes  that  may  be  evident  to  users  (that  is,  to  air  traffic  controllers 
using  the  SSR  displays).  Simulation  results  were  also  generated  for  more 
detailed  performance  attributes,  such  as  reply  ratio  and  fruit  rate,  which 
would  not  be  directly  evident  to  users. 

1030  MHz  Broadcast.  At  an  early  stage  in  the  simulation  study  it  was 
observed  that  there  was  a  potential  problem  with  interference  limiting  in 
regard  to  the  estimation  of  NT.  NT  is  the  means  by  which  a  TCAS  II  unit 
estimates  the  local  density  of  TCAS  II  interrogators  (Fig.  5-1).  At  that  time 
in  the  study,  the  concept  for  estimating  NT  was  to  count  aircraft  according  to 
receptions  of  their  squltters  (which  are  transmitted  at  1090  MHz).  It  was 
soon  realized  that  this  counting  was  made  quite  inaccurate  by  rhe  effects  of 
fruit.  As  a  result  it  was  decided  to  change  the  concept  for  estimating  NT  to 
a  technique  based  on  1030  MHz  broadcasts.  The  interference  conditions  in  the 
1030  MHz  band  are  much  less  severe.  In  this  concept,  each  TCAS  II  unit 
spontaneously  transmits  self-identifying  broadcasts  at  a  rate  of  one  in  10 
seconds.  The  simulation  study  showed  that  the  NT  inaccuracy  problem  was 
overcome  using  this  concept. 

Main  results.  The  simulation  study  is  not  yet  complete.  Interim  results 
for  the  main  performance  attributes  are  given  in  Table  5-1.  Results  are  given 
for  three  traffic  models,  the  highest  density  case  having  743  aircraft  within 
60  nmi  of  LA  International  Airport.  The  middle  case,  474  aircraft, 
corresponds  approximately  to  the  high  density  condition  for  which  TCAS  II  is 
being  designed. 


TABLE  5-1 


INTERIM  RESULTS  FROM  INTERFERENCE  SIMULATION 


Scenario 

Main 

results 

Total  number 
of  aircraft 

Avionics  mix 

Mode  A,C  Mode  S  TCAS  II 

Z  in  track 

Z  updated 

328 

751 

25 1 

0 

79 

95 

328 

75Z 

14Z 

11Z 

79 

95 

474 

75Z 

25Z 

0 

80 

92 

474 

75Z 

14Z 

HZ 

80 

92 

743 

75 1 

151 

0 

73 

91 

743 

751 

14Z 

11Z 

73 

91 
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These  results  show  that  the  TCAS  activity  has  no  effect  on  SSR 
performance.  The  bases  from  which  the  interference  limiting  Standards  were 
derived  are  in  fact  low  enough  so  that  the  presence  of  TCAS  It  aircraft  in 
large  numbers  would  not  be  evident  to  users  of  ground  surveillance  equipment. 

5.2  Interrogation  Limiting  Algorithm 

For  the  specific  TCAS  II  designs  developed  for  testing  in  Los  Angeles, 
the  full  power  Node  C  interrogations  are  at: 

250  watts,  omnidirectional  design  (Fig.  3-5) 

80  watts,  directional  design  (Fig.  3-15)* 

The  corresponding  values  of  the  Mode  C  power  sum  as  limited  by  the 
standard  are: 

1  l  PA 

-  -  *  4.9,  omnidirectional  design 

®  250  4.8,  directional  design.* 

These  are  within  the  maximum  limit  of  5,  but  are  not  far  below.  Thus 
these  peak  power  levels  are  nearly  the  maximum  values  permitted  by  the 
standard. 

The  purpose  of  the  interrogation  limiting  algorlthn  is  to  ensure  that  the 
TCAS  equipment  conforms  to  the  Interference  limiting  standard  of  Section  5.1. 
This  is  accomplished  by  controlling  the  nominal  range  at  which  the  presence  of 
an  aircraft  is  first  detected. 

To  control  the  Mode  C  detection  range  the  number  of  transmitted 
whisper-shout  levels  is  varied.  If  the  range  is  to  be  reduced,  the  highest 
power  Interrogation  last  used  is  omitted,  therby  causing  some  distant  aircraft 
not  to  receive  an  interrogation. 

The  detection  range  for  Mode  S-equlpped  aircraft  Is  controlled  by  varying 
the  MTL  used  to  detect  squitters  and  fruit.  As  discussed  in  Section  4.4.3, 
this  variation  is  matched  by  a  change  in  the  power  used  to  interrogate 
aircraft  assigned  the  acquisition  state.  The  two  controls  are  coordinated  to 
keep  the  detection  range  in  the  forward  direction  comparable  in  Mode  S  and 
Mode  C. 

5.2.1  Structure 

The  algorithm  exercises  control  through  the  application  of  the  four  steps 
that  are  discussed  below  and  which  are  embodied  in  the  flow  diagram  shown  in 
Fig.  5-3.  The  steps  involve  interference  limiting  inequalities  (1),  (2),  (3) 
given  in  Fig.  5-1.  In  evaluating  these  Inequalities,  16-second  averages  of 
the  Mode  S  parameters  are  used,  and  current  or  anticipated  values  of  the 
Mode  C  parameters  are  used. 


*  Obtained  using  Paax  “  320  watts  x  (90°/360®)-  80  watts,  and  8  * 
90°/(360°/2. 5) ,  from  Sec.  3.2.5. 


*  i 


1 LJMNATE  W/8  STEPS  TO 
SATISFY  INEQUALITY  (3) 


FREEZE  SET 
ON  OTHER 
CHANGES  _ 

K  .  / 


-RETURN 


DROP  1  W/S  STEP 


ADD  A  W/S  8TEP 


MODE  8  RANGE 
EXCEED  ATCRB8 
S^ANOE/ 


^  CAN  \ 
MODE  8  RANGE  BE 
S^WCREASED^ 


WILL^. 

/  ADDING  A  % 
W/8  STEP  VIOLATE 
^  INEQUALITY  ^ 
N^li) 


RETURN 


RETURN 


REDUCE  PWR  IdB 
INCREASE  MTL  IdB 


INCREASE  PWR  IdB 
REDUCE  MTL  IdB 


SET  16  8EC  FREEZE 
ON  OTHER  CHANGES 


RETURN 


Fig.  6-3,  Interrogation  limiting  flow  diagram. 
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given  in  Fig*  5-1.  In  evaluating  these  inequalities,  16-second  averages  of 
the  Mode  S  parameters  are  used,  and  current  or  anticipated  values  of  the 
Mode  C  parameters  are  used. 

The  first  step  in  the  control  process  is  to  reduce  the  number  of 
whisper-shout  levels  tentatively  scheduled  for  use  during  the  present  scan  if 
either 

a)  Inequality  (3)  is  violated,  or 

b)  Inequality  (1)  or  (2)  is  violated  and  the  Mode  S  surveillance  range  of 
the  last  scan  does  not  exceed  the  Mode  C  surveillance  range  that  would 
result  froa  use  of  the  scheduled  whisper-shout  sequence. 

Whisper-shout  levels  are  eliminated  in  the  order  dictated  by  the  design  of  the 
Mode  C  processor  and  the  nuaber  of  levels  elialnated  is  just  large  enough  to 
ensure  that  neither  of  the  above  conditions  is  satisfied.  The  whisper-shout 
level  tentatively  scheduled  for  use  is  Initialized  at  that  used  on  the  last 
scan. 


The  relative  ranges  for  Mode  S  and  Mode  C  surveillance  are  determined 
fron  the  estimated  maximum  power  densities  seen  by  head-on  collision  targets 
with  Mode  S  and  Mode  A,C  transponders  respectively.  If  the  transponder 
sensitivities  were  Identical,  the  Mode  S  range  would  be  more  or  less  than  the 
Mode  C  range  according  to  whether  the  Mode  S  power  density  was  more  or  less 
than  the  Mode  C  density.  Since  Mode  A ,C  transponders  may  have  somewhat  lower 
sensitivities  than  Mode  S  transponders,  the  Mode  C  range  is  assumed  to  be 
greater  chan  the  Mode  S  range  if,  and  only  if,  the  Mode  C  power  density 
exceeds  the  Mode  S  power  density  by  3  dB.  The  power  density  is  determined  by 
the  power  input  to  the  antenna  and  the  antenna  radiation  pattern. 

The  second  step  in  the  controlling  process  is  to  reduce  the  Mode  S 
interrogation  power  last  used  for  acquisition  by  1  dB  and  to  Increase  the  MTL 
used  to  detect  Mode  S  squitters  and  fruit  by  1  dB  If 

c)  Inequality  (1)  or  (2)  is  violated  and  the  Mode  5  surveillance  range  of 
the  last  scan  exceeds  Che  Mode  C  surveillance  range  that  would  reault 
from  use  of  the  scheduled  whisper-shout  sequence. 

Once  such  a  change  has  been  made  the  only  other  change  allowed  during  the 
ensuing  16  seconds  is  a  reduction  in  the  number  of  whisper-shout  levels  if 
such  is  needed  to  satisfy  Inequality  (3).  This  16-second  freeze  allows  the 
effect  of  the  Mode  S  changes  to  become  apparent  since  the  16-second  averages 
used  in  Inequalities  (1)  and  (2)  then  will  be  determined  by  the  behavior  of 
the  system  since  the  change. 

The  third  step  is  to  add  a  whisper-ahout  level  to  those  tentatively 
scheduled  when  it  Is  not  prevented  by  a  16-second  freeze  and  the  following 
conditions  are  satisfied; 
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<J)  Inequalities  (1),  (2),  and  (3)  are  satlsifed  and  trill  continue  to  be 
after  the  level  le  added,  and, 

e)  The  Node  S  surveillance  range  of  the  last  scan  exceeds  the  Mode  C 
surveillance  range  chat  would  result  from  use  of  the  scheduled 
sequence. 

As  many  levels  are  added  as  possible  without  violating  d)  or  e)  above. 

Finally,  if  condition  d)  above  la  satisfied,  but  condition  e)  is  not,  an 
estimate  (see  5.2. 2)  is  made  of  the  effects  of  Increasing  the  Mode  S 
interrogation  power  for  acquisition  by  1  dB  and  reducing  the  MTL  for  detecting 
Mode  S  squitters  and  fruit  by  1  dB.  If  the  estimate  indicates  that 
Inequalities  (1)  and  (2)  will  not  both  continue  to  be  satisfied,  the  1  dB 
change  is  not  made.  If  the  estimate  indicates  that  they  will  both  continue  to 
be  satisfied,  the  1  dB  change  is  made  and  no  further  changes  in  either  the 
Mode  C  or  Mode  S  parameters  are  made  for  the  ensuing  16  seconds  except  as 
described  in  connection  with  condition  c). 

5.2.2  Parameter  Estimates 


The  estimate  of  the  consequences  of  increasing  the  Mode  S  interrogation 
power,  and  decreasing  the  MTL  for  detecting  squitters  and  fruit,  by  1  dB  is 
based  upon  the  last  available  16  second  averages  of  the  following  Mode  S 
parameters. 

PI^:  the  contribution  to  Inequality  (1)  of  acquisition  State 
interrogations 

PIT:  the  contribution  to  Inequality  (1)  of  the  track  state  interrogations 

1^:  the  contribution  to  Inequality  (2)  of  acquisition  state 

interrogations 

Iy:  the  contribution  to  Inequality  (2)  of  track  atate  interrogations 

f:  the  fraction  of  aircraft  in  the  track  state  that  were  Interrogated 

with  the  maximum  allowable  interrogation  power  on  the  last  scan. 

The  contribution  of  the  different  Interrogations  to  the  inequalities  are 
separated  because  they  are  affected  differently  by  the  power  change  under 
consideration.  For  example,  the  acqulstlon  state  contribution  will  always 
Increase,  partly  because  the  increased  surveillance  range  causes  more  targets 
to  be  acquired  per  unit  time  and  partly  because  a  larger  interrogation  power 
is  used  for  all  acquisition  Interrogations.  On  the  other  hand,  the  track- 
state  contribution  will  change  only  if  the  interrogation  power  to  some  track- 
state  aircraft  equals  the  interrogation  power  used  for  acquisition.  The 
question  is:  what  changes  in  these  quantities  are  expected  to  result  from  the 
1  dB  changes  in  the  MTL  and  the  Interrogation  power  used  for  acquisition? 
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The  change  In  Ia»  A  1-dB  increase  In  power  should  increase  the  detection 
range  about  12X,  from  Rq  to  1.12  Rq.  To  first  order,  the  rete  et  which 
aircraft  are  assigned  to  Che  Acquisition  state  should  be  proportional  to  range 
so  the  percentage  Increase  in  the  rate  should  be  roughly  equal  to  the  Increase 
in  detection  range,  l.e.,  12X.  Thua  the  estimated  value  of  1^  after  the 
change  is  1.12  (Ig)°  where  (Ig)*  is  the  measured  value  of  IA  before  the 
change. 


The  change  in  P1a«  Since  the  interrogation  power  has  increased  1  dB,  or 
25X  the  estimated  valug  of  Pig  after  the  change  is  < 1 . 2 5 ) ( 1 . 1 2)(PIg)*  or 
1.4  (Pig)  where  (Pig)  is  the  value  of  Pig  before  the  change.  To  provide 
some  margin  against  the  oscillation  that  might  result  from  under-estimating 
these  increases,  the  following  estimates  were  adopted  and  are  used  In  the 
simulations  described  in  Section  5.2.3. 


IA  -  1.25 

O 

Ua> 

(4) 

PI  A  *  ‘*5 

<PIa>* 

(5) 

The  changes  in  It  and  PIt«  If  the  Interrogation  power  for  all  of  the 
aircraft  asaigned  the  track  state  Is  less  than  that  used  for  acquisition, 
neither  If  nor  Ply  should  change  appreciably  when  the  interrogation  power  for 
acquisition  is  increased  1  dB  and  the  MTL  for  squlcters/frnlt  is  decreased 
1  dB.*  The  change  should  still  be  negligible  when  a  small  fraction  of  the 
track  state  aircraft  are  interrogated  at  the  acquisition  power.  Therefore, 
for  values  of  f  no  larger  than  0.1  lc  will  be  assumed  that  the  values  of  If 
and  PIT  are  not  changed  by  the  1  dB  change  in  the  KTL  and  acquisition 
Interrogation  power.  That  is,  for  f  no  larger  than  0.1, 

IT  -  (IT)°  (6) 

PIT  -  (PIT)°  (7) 

where  (If)°  and  (Plf)°  are  the  values  measured  before  the  change  in  Mode  S 
parameters. 


For  values  of  f  exceeding  0.1  the  effect  of  the  change  upon  If  and  Plf 
depends  upon  the  distribution  of  aircraft  and  the  conditions  under  which  they 
are  assigned  to  the  track  state.  For  a  uniform  distribution  of  aircraft  and 
for  the  surveillance  algorithms  discussed  in  Chapter  4,  the  number  of  aircraft 
assigned  to  the  track  state  will  increase  by  about  25X.  That  is,  for  f 
greater  than  0. 1 , 

IT  -  1.25(IT)°  (8) 


*Some  changes  will  occur  If  additional  aircraft  are  assigned  to  the  Treck 
state. 
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The  change  in  the  value  of  PIX  depends  In  detail  upon  the  distribution  of 
the  track -state  aircraft  that  ate  Interrogated  at  maximum  power.  For 
simplicity,  the  change  will  be  over-estimated  by  assuming  that  all  Track  state 
aircraft  are  interrogated  at  maximum  power**.  Then,  for  f  greater  than  0.1, 

P£x  -  <1.25)2  (PIT)°  -  1.5  (PIT)°  (9) 

f* 

where  (Plx)  is  the  average  value  of  Plx  before  the  change  in  Mode  S 
parameters  is  made. 

Equations  4  through  9  provide  the  needed  estimates  of  the  effects  of 
changing  the  Mode  S  parameters  upon  Inequalities  (1)  and  (2).  To  determine 
whether  or  not  the  change  Is  feasible,  the  average  values  of  (1/^)  ,  (IX)  » 
(PI^)  and  (PIX)  last  used  in  evaluating  the  inequalities  are  replaced  by  the 
values  given  in  the  abovt  equations.  l f  the  inequalities  aie  still  satisfied 
the  change  is  made.  Otherwise,  it  is  not. 

5.2.3  Performance  Evaluation 


Two  questions  arise  concerning  the  operational  performance  of  the 
interrogation  limiting  algorithms,  do  they  cause  the  interference  limiting 
standard  to  be  met  and  do  they  result  Ir.  a  value  of  the  MTL  for  which  the 
collision  protection  is  satisfactory?  These  questions  were  answered  by 
simulation  for  the  environments  of  interest.  Tne  conclusion  is  that  the 
interference  limiting  standard  is  met  and  that  the  MTL  for  squittera  and  fruit 
will  be  small  enough  to  achieve  the  desired  collision  protection. 

The  aircraft  environments  in  which  the  protection  is  to  be  provided  are 
discussed  below.  Then  the  essential  features  of  the  simulation  are  described. 
This  is  followed  by  a  discussion  of  the  results  obtained. 

5. 2. 3.1  Operating  Environments 

The  environments  in  which  protection  is  to  be  provided  were  discussed  in 
Section  4.7.1.  TVo  of  them  are  low-altitude  low-speed  environments  for  which 
it  was  found  that  the  MTL  could  be  raised  by  6  dB  without  sacrificing  the 
desired  protection.  They  differ  in  that  one  has  a  peak  aircraft  density  of 
0.3/nmi2  and  pertains  to  the  situation  in  which  both  error  correction  decoding 
and  power  programming  are  employed  while  the  other  has  a  peak  density  of 
0. 15/nmi2  and  is  used  when  neither  erroi  correction  nor  power  programming  is 
employed. 

The  other  two  environments  involve  high-altitude,  hig’  -speed  encounters 
for  which  it  was  found  that  an  MTL  Increase  of  no  more  than  3  dB  results  in 
satisfactory  collision  protection.  One  of  these  environments  has  a  peak 
aircraft  density  of  0.06/nml2  an(j  is  used  when  both  error  correction  and  power 
programming  are  employed.  The  other  applies  when  neither  of  these  techniques 
is  employed  and  has  a  peak  density  of  0.03/nml2. 


**For  a  uniforra-ln-area  distribution,  the  error  in  the  estimate  is  not  large. 


In  Section  4.7.1  several  parameters  of  the  operational  environment  were 
left  unspecified  since  they  did  not  influence  the  performance  quantities  of 
interest  there.  Those  parameters,  which  will  now  be  specified,  are:  the 
number  of  other  TCAS  units  operating  within  30  nmi  of  the  TCAS  unit  under 
consideration,  the  fraction  of  the  transponder-equipped  aircraft  that  carry 
Mode  S  transponders,  the  altitude  distribution  of  those  aircraft,  and  the 
distribution  of  their  airspeeds. 

The  number  of  other  TCAS  operating  within  30  nmi  is  specified  to  be  30. 
The  basis  on  which  Che  other  parameters  were  chosen  is  as  follows.  First,  it 
will  be  assumed  that  all  of  the  transponders  are  Mode  S.  This  is  a  worst-case 
assumption  since,  as  the  fraction  of  Mode  S  transponders  increases,  the  MTL 
for  squitters  and  fruit  increases,  thereby  reducing  collision  protection. 

Two  altitude  distributions  will  be  employed.  In  one  the  aircraft  are 
uniformly  distributed  in  altitude  between  two  limits  that  can  be  specified 
arbitrarily.  In  the  other,  their  density  is  that  shown  in  Fig.  5-4  which  is 
derived  from  measurements  made  at  Long  Beach,  California  and  will  be  called 
the  Long  Beach  altitude  density.  In  that  measurement  the  altitudes  of 
aircraft  above  14,500  feet  were  not  recorded™  The  15Z  of  the  aircraft  that 
were  found  to  be  above  that  altitude  are  uniformly  distributed  from  14,500 
feet  to  40,000  feet. 

The  speeds  of  the  aircraft  are  taken  to  be  random  variables  whose 
probability  density  varies  with  altitude.  The  density  used  at  altitudes  of 
less  than  10,000  feet  leflects  the  large  fraction  of  low  speed  aircraft  that 
are  encountered  there.  It  is  a  truncated  decaying  exponential  that  begins  at 
an  airspeed  of  70  kts  and  is  of  the  form  exp(apeed/30  knots).  For  altitudes 
above  10,000  feet  a  uniform  density  is  employed  with  the  range  of  speeds  being 
200  to  4C0  kts  below  15,000  feet  and  300  to  600  kts  above  15,000  feet. 

5. 2. 3. 2  Simulation  of  the  Environment 

To  evaluate  the  performance  of  the  system,  the  motion  of  a  TCAS-equipped 
aircraft  moving  tr.rough  the  environments  described  above  was  simulated.  The 
environments  were  simulated  by  assigning  random  altitudes  and  airspeeds  to  the 
aircraft.  They  were  also  assigned  headings  that  were  uniformly  distributed 
around  the  compass  and  positions  that  were  uniformly  distributed  within  a 
square  whose  size  could  be  specified.  The  density  was  controlled  by  varying 
the  number  of  aircraft  in  the  square. 

The  TCAS  aircraft  flew  at  an  assigned  airspeed  and  followed  an 
arbitrarily  specified  altitude  profile.  The  square  moved  along  with  the  TCAS 
aircraft  which  was  always  at  its  center.  Each  of  the  other  aircraft 
maintained  a  constant  airspeed,  altitude,  and  heading  except  when  they  reached 
the  edge  of  the  square.  Then  they  were  removed  from  the  simulation  and 
reintroduced  at  a  point  on  the  opposite  side  of  the  square  with  the  same 
airspeed,  altitude,  and  heading. 
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Attitude  density  function. 


The  spatial  density  of  aircraft  that  results  from  this  simulation  varies 
slightly  with  time.  Examples  of  that  variation  are  shown  in  Fig.  5-5  for  the 
situation  in  which  200  aircraft  with  the  Long  Beach  altitude  density  are 
initially  distributed  over  a  square  that  is  25.75  nmi  on  a  side.  The  speed  of 
the  TCAS  aircraft  for  this  figure  was  250  kts.  For  purposes  of  comparison, 
the  ensemble  average  density  that  would  result  from  a  uniform  distribution  of 
aircraft  is  also  shown.  It  Is  apparent  from  the  figure  that  the  simulation 
provides  a  relatively  constant  and  uniform  density  of  aircraft. 

The  simulated  environment  described  above  was  combined  with  the  link 
simulation  described  in  Section  4.7.2  to  create  the  signal  environment  in 
which  TCAS  is  intended  to  operate.  Those  signals  were  then  used  as  inputs  to 
the  simulation  of  the  Mode  S  surveillance  processor  to  determine  the  variation 
in  the  MTL  caused  by  the  action  of  the  interrogation  limiting  algorithm.  The 
results  of  those  simulations  are  summarized  below  first  for  low-altitude 
operations  and  then  for  high-altitude  operations. 

5. 2. 3. 3  Low-Altitude  Results 

Representative  simulation  results  for  the  low-altitude  environment  are 
shown  in  Fig.  5-6.  There  the  variation  with  time  of  the  MTL  used  for  the 
detection  of  Mode  S  squitters  and  fruit  is  labeled  MTL  and  the  three  curves 
labeled  “energy",  “number",  and  “fruit"  are  the  normalized  values  of  the 
interference  limiting  inequalities  given,  respectively,  by  (1),  (2),  and  (3) 
of  Fig.  5-1.  The  normalizations  are  such  that  an  inequality  is  satisfied  if 
the  value  is  no  larger  than  one  and  is  violated  if  it  exceeds  one.  The  MTL 
value  in  the  figure  is  the  deviation  from  nominal. 

The  figure  is  for  a  TCAS  at  5,000  feet  with  an  airspeed  of  250  kts  and  a 
maximum  capable  airspeed  of  300  kts  in  an  environment  of  200  aircraft  that 
were  initially  distributed  uniformly  within  a  25.75-nmi  square.  That 
corresponds  to  an  aircraft  density  of  0.3/nmi2  within  the  square.  Altitudes 
were  assigned  to  the  aircraft  in  accordance  with  the  Long  Beach  altitude 
distribution  of  Fig.  5-4.  Firally,  30  TCAS  aircraft  were  operating  within 
30  nmi  of  the  TCAS  unit  being  simulated. 

The  salient  features  of  the  results  are  as  follows.  First,  the 
interference  limiting  inequalities  are  satisfied  throughout  the  simulation. 
Second,  the  largest  of  the  three  normalized  limits  is  always  nearly  equal  to 
one,  so  the  largest  possible  surveillance  range  is  being  maintained.  Third, 
the  MTL  for  the  detection  of  squitters  and  fruit  varies  from  its  nominal  value 
by  a  maximum  of  3  dB  and  is  usually  either  1  or  2  dB  higher.  Thus  it  is  at 
least  3  dB  less  than  the  maximum  increase  of  6  dB  for  which  satisfactory 
collision  protection  at  low  altitudes  is  assured. 

Throughout  the  simulation  the  number  of  whisper-shout  levels  used 
remained  constant,  as  can  be  inferred  from  the  invariance  of  the  fruit  limit. 
Its  value  was  81.  The  MTL,  rather  than  the  number  of  whisper-shout  levels, 
changed  because  the  estimated  surveillance  range  for  Mode  S  targets  continued 
to  exceed  that  for  Mode  C  targets. 


«  *• 
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Table  5-2  gives  the  Interval  over  which  the  MTL  varied  in  a  series  of 
simulations  that  differ  in  varying  degrees  from  the  one  Just  described.  In 
all  of  them  the  interference  limiting  inequalities  were  satisfied  throughout  a 
200-  to  300-second  simulation. 

The  first  row  of  the  table  corresponds  to  the  simulation  described  by 
Fig.  5-6.  The  second  differs  in  that  the  aircraft  were  uniformly  distributed 
in  altitude  from  0  to  10,000  feet.  Although  the  MTL  change  is  affected  by  the 
change  in  altitude  distribution  it  remains  small  enough  to  provide 
satisfactory  collision  protection  for  the  encounters  discussed  in 
Section  4.7. 

When  the  TCAS  equipped  aircraft  is  either  climbing  or  descending,  the  MTL 
can  Increase  beyond  the  values  just  discussed  because  aircraft  are  assigned  to 
the  Acquisition  state  as  the  altitude  band  about  the  TCAS  sweeps  over  them. 

Row  three  of  the  table  shows  this  effect  when  the  TCAS-equipped  aircraft 
descends  from  11,000  feet  to  5,000  feet  at  a  rate  of  3,000  feet  per  minute  in 
the  Long  Beach  altitude  environment.  The  descent  causes  the  MTL  change  to 
peak  at  5  dB.  An  examination  of  the  simulation  record  showed  that  this,  peak 
persisted  for  about  70  seconds. 

Altitude  changes  have  a  more  significant  effect  when  they  are  more  rapid 
or  Involve  a  descent  from  a  low  density  airspace  into  a  high  density  airspace. 
Then  the  number  of  aircraft  assigned  to  the  Acquisition  and  Track  states 
increases,  in  part,  because  they  enter  the  altitude  band  at  a  greater  rate 
and,  in  part,  because  the  rate  at  which  aircraft  enter  the  band  exceeds  the 
rate  at  which  they  exit  from  it.  This  is  Illustrated  by  the  fourth  row  of  the 
table  which  describes  a  descent  from  15,000  feet  to  5,000  feet  at  a  rate  of 
5,000  feet  per  minute  for  the  Long  Beach  altitude  distribution.  The 
corresponding  variations  of  the  MTL  and  the  three  normalized  interference 
limiting  inequalities  are  given  in  Fig.  5-7.  Note  the  peak  transient  value  of 
6  dB  for  the  MTL  change  as  the  processor  attempts  to  Interrogate  all  of  the 
aircraft  that  have  suddenly  become  potential  collision  threats.  Even  at  this 
peak  value  the  desired  collision  protection  is  provided.  Moreover  if  the 
maximum  capable  airspeed  were  larger  than  300  kts,  the  initial  value  of  the 
MTL  would  be  increased  and  its  peak  value  would  be  further  decreased. 

The  next  three  table  entries  show  the  benefits  of  power  programming  and 
error  correction  decoding  for  the  situation  described  by  Fig.  5-6  and  the 
first  row  of  the  table.  If  error  correction  decoding  is  used,  but  power 
programming  is  not,  the  MTL  will  vary  from  5  to  6  dB  above  nominal  rather  than 
from  0  to  3  dB.  This  is  still  acceptable,  but  little  margin  is  then  left  to 
allow  for  transients  during  descents.  If  neither  error  correction  decoding 
nor  power  programming  is  used,  the  MTL  remains  at  6  dB  above  nominal.  The  use 
of  power  programming  alone  causes  the  MTL  to  to  vary  from  2  to  4  dB  above 
nominal. 
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VARIATION  OF  MTL  FOR  A  LOW  ALTITUDE  ENVIRONMENT 


Variation  of  MTL  for  a  TCAS  with  an  airspeed  of  250  Kts  and  a  maximum 
capable  airspeed  of  300  Kts  in  an  environment  of  200  aircraft.  Thirty 
other  TCAS  are  operating  within  30  ml.  Except,  as  noted  the  aircraft 
are  initially  distributed  according  to  the  Long  Beach  altitude  density 
and  are  uniformly  distributed  in  a  square  of  width  25.75  ml,  to  give  a 
density  of  0. 3/nal^,  and  error  correction  decoding  and  power 
programming  are  used. 


TCAS  ALTITUDE  PROFILES 

MTL 

VARIATION 

NOTES 

Level : 

5,000 

ft 

0-3  dB 

Level; 

5,000 

ft 

2-4 

(1) 

Descent : 

11,000 

to  5,000  ft; 

3,000 

PPM 

1-5 

Descent : 

15,000 

to  5,000  ft; 

5,000 

PPM 

1-6 

Level : 

5,000 

ft 

5-6 

(2) 

Level : 

5,000 

ft 

6 

(3) 

Level ; 

5,000 

ft 

2-4 

(4) 

Level; 

5,000 

ft 

2-4 

(5) 

(1)  Uniform  altitude  density  0  to  10,000  ft 

(2)  No  Power  Programming 

(3)  Neither  Power  Programming  Nor  Error  Correction  Decoding 

(4)  No  Error  Correction  Decoding 


(5)  Neither  Power  Programming  Nor  Error  Correction  Decoding,  38-nml  Square 
Aircraft  Density  0. 14/nmi^ 


-  0.3/NM*  Long  Batch  aMuda  attribution 


Fig.  5-7  Variation  of  normalized  interference  limits  during  a  rapid  decent. 


Although  a  TCAS  that  employs  neither  error  correction  nor  power 
programming  is  not  Intended  to  provide  collision  protection  in  the  density  of 
aircraft  discussed  above,  it  is  intended  to  provide  such  protection  when  the 
peak  density  drops  to  0.15/nmi2.  As  indicated  by  the  last  row  of  the  table, 
the  MTL  will  not  increase  by  more  than  6  dB;  hence  the  desired  protection  will 
be  provided. 


5. 2. 3. 4  illgh  Altitude  Results 

Figure  3-8  shows  the  variation  of  the  normalized  interference  limits  and 
the  MTL  for  the  extreme  situation  in  which  a  TCAS-equipped  aircraft  with  an 
airspeed  of  600  kts  descends  from  an  altitude  of  29,000  feet  to  an  altitude  of 
11,000  feet  at  a  rate  of  5,000  feet  per  minute  in  an  environment  of  200  other 
aircraft  of  which  30  are  TCAS-equipped.  Tne  aircraft  are  initially 
distributed  uniformly  over  a  57.3  by  57.3  nmi  square,  and  are  distributed  in 
altitude  according  to  the  Long  Beach  density.  The  figure  corresponds  to  the 
situation  in  which  both  power  programming  and  error  correction  are  employed. 
The  MTL  is  nominal  for  most  of  the  descent  but  Increases  by  3  dB  as  the 
aircraft  descends  Into  the  more  densely  populated  airspace  below  14,500  feet. 
Thus,  the  performance  is  acceptable  even  in  this  extreme  situation. 

The  interval  over  which  the  MTL  varies  in  a  number  of  situations  is  given 
in  Table  5-3.  The  first  row  of  the  tabic  applies  to  the  situation  just 
described  and  the  second  differs  from  it  in  that  the  TCAS  altitude  is  constant 
at  25,000  feet.  Tn  the  later  instance  the  MTL  does  not  change  during  the 
entire  simulation. 

The  third  row  applies  when  the  TCAS  altitude  is  11,000  feet  Instead  of 
25,000  feet.  It  reflects  an  unrealistic  situation  in  that  the  TCAS  airspeed 
is  taken  to  be  600  kts  at  this  altitude.  However,  it  is  a  useful  example  in 
that  it  illustrates  tne  inability  of  any  system  to  satisfy  the  Interference 
limiting  standard  and  provide  collision  protection  in  all  situations.  In 
particular,  the  peak  value  of  the  MTL  change  is  4  dB  which  exceeds  the  value 
for  which  collision  protection  can  be  assured.  An  examination  of  the 
simulation  record  shows  that  this  peak  persisted  for  one  30-second  period  out 
of  300  seconds.  Thus  even  in  this  unrealistic  situation  a  substantial  amount 
of  protection  is  provided. 

In  the  above  simulations  only  a  very  small  fraction  of  the  200  aircraft 
had  altitudes  near  enough  to  that  of  the  TCAS  aircraft  to  be  interrogated  by 
it.  A  measure  of  the  number  of  co-altitude  aircraft  against  which 
satisfactory  collision  protection  can  be  provided  is  given  by  row  four  of  the 
table.  It  indicates  that  the  MTL  will  not  exceed  2  dB  when  30  other  TCAS- 
equipped  aircraft  are  co-altitude  with  the  TCAS  unit  in  question  and  are 
contained  within  a  square  of  width  57.3  nmi. 

Row  five  of  the  table  provides  another  measure  of  the  system’s 
robustness.  It  applies  to  the  situation  in  which  a  TCAS-equipped  aircraft  at 
25,000  feet  overfliew  a  high  density  terminal  area  containing  200  aircraft 
within  a  25.75  nmi  square  corresponding  to  a  density  of  0. 3/nmi2 .  These 
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normalized  interference  limits 
jring  a  high  altitude  descent. 


aircraft  are  distributed  in  altitude  according  to  the  long  Beach  density  and 
30  of  then  carry  operating  TCAS  units. 


The  above  results  are  for  systens  that  employ  error  correction  decoding 
and  power  programing.  As  discussed  in  Section  4.7.1,  ays  teas  that  eaploy 
neither  are  intended  to  provide  satisfactory  collision  protection  at  aircraft 
densities  of  at  aost  0.03/nmi2  with  no  aore  than  IS  TCAS  units  operating 
within  30  nai.  That  is,  the  MTL  change  should  not  exceed  3  dB  under  these 
conditions.  The  entries  in  rows  six  and  seven  of  Table  5-3  show  that 
protection  is  provided  under  these  conditions  even  when  the  TCAS  aircraft 
descends  from  29,00  feet  to  11,000  feet  at  5,000  fpa.  Indeed  the  MTL  reaalns 
nominal  throughout  the  descent. 

5.3  Transponder  Suppression 

Airborne  measurements  of  interrogation  backscatter  have  been  carried  out 
to  assess  the  required  duration  of  self  suppression  from  the  TCAS  Interrogator 
to  the  on-board  Mode  S  transponder. 

5.3.1  Need  for  Re-exa«l nation  of  Mutual  Suppression 

To  avoid  interference  between  the  various  L-band  transmitters  on  an 
aircraft  (for  example,  a  ONE  interrogator  and  an  SSR  transponder),  it  is 
common  practice  for  them  to  interact  through  an  arrangement  of  "mutual 
suppression".  When  such  a  unit  transmits  at  L-band,  it  supplies  a  suppression 
pulse  to  a  mutual  suppression  bus.  Each  system  receiving  the  suppression 
pulse  can  make  use  of  this  information  to  disregard  any  receptions  during  this 
brief  period,  often  simply  by  gating  off  the  receiver  for  the  duration  of  the 
suppression  pulse. 

In  TCAS  II  It  Is  appropriate  for  the  TCAS  II  interrogator  to  suppress  the 
onboard  Mode  S  transponder,  both  of  which  operate  at  the  same  radio  frequency 
(1030  MHz).  During  the  BCAS  development  program  it  was  realized  that  the 
transponder  ehould  be  kept  in  suppression  for  considerably  longer  than  the 
duration  of  the  transmitted  interrogation  because  backscattered  echos  from  the 
terrain  beneath  the  aircraft  would  often  cause  the  transponder  to  reply.  Such 
replies  interfere  with  TCAS  surveillance,  both  because  of  the  addition  to  the 
fruit  environment  they  consitute  and  because  they  occur  in  the  active  range 
window  of  the  BCAS  or  TCAS  receiver. 

The  duration  of  transponder  suppression  in  the  BCAS  design  as 
conservatively  set  at  200  us,  and  extensive  airborne  testing  showed  that  this 
period  was  long  enough  to  prevent  self  Interrogation.  As  BCAS  evolved  into 
TCAS,  this  suppression  time  needed  to  be  reexamined  because  of  the  Increase  in 
the  number  of  Interrogations  per  second. 

Measurements .  Direct  measurements  of  interrogation  backscatter  were  made 
using  the  Airborne  Measurements  Facility  (AMF).  Mode  C  and  Mode  S 
Interrogations  were  transmitted  alternating  between  top  and  bottom  antenna, 
and  all  pulses  detected  it  1030  MHz  were  recorded. 


TABLE  5-3 


VARIATION  OP  MTL  FOR  A  HIGH  ALTITUDE  ENVIRONMENT 


Variation  of  the  MTL  for  a  TCAS  with  an  actual  and  maximum  capable 
airspeed  of  600  Kts,  Except  as  noted  the  environment  contains  200 
aircraft  that  are  initially  distributed  according  to  the  Long  Beach 
altitude  density  and  are  uniformly  distributed  within  a  57.3  nml  square 
to  give  a  density  of  0.06/nal^,  error  correcting  decoding  and 
power  programming  are  used,  and  30  other  TCAS  are  operating  within 
30  nml. 


MTL 

TCAS 

ALTITUDE  PROPILES 

VARIATION 

NOTES 

Descent : 

29,000 

to 

11,000  ft;  3,000  PPM 

0-3  dB 

Level: 

25,000 

ft 

0 

Level : 

11,000 

ft 

0-4 

Level : 

25,000 

ft 

0-2 

U> 

Level : 

25,000 

ft 

2-3 

(2) 

Level: 

25,000 

ft 

0 

(3) 

Descent: 

29,000 

to 

11,000  ft;  5,000  PPM 

0 

(3) 

(1)  30  co-altitude  aircraft  In  the  environment  (not  Long  Beach);  density 
O.Ol/nmi* 

(2)  25.3  nmi  square  giving  a  density  of  0. 3/nai2 

(3)  100  aircraft,  density  0.03,  15  TCAS;  neither  power  programming  nor  error 
correction  decoding  employed. 
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These  measurements  were  carried  ouc  using  a  Cessna  421  aircraft  in  the 
Boston  area.  Two  flights  were  conducted,  one  for  Mode  C  interrogations,  the 
othar  for  Mode  S  interrogations.  The  Mode  C  interrogct ions  consisted  of  two 
whisper-shout  suppression  pulses  followed  by  two  interrogation  pulses  (SI,  S2, 
PI,  P3)  transaitted  omnidirectionally  at  250  watts  total  radiated  power.  In 
each  flight,  the  measurements  began  at  takeoff,  after  which  the  aircraft 
climbed  to  12,000  ft.  altitude,  then  proceeded  toward  the  ocean,  continued  for 
a  period  over  the  ocean,  while  descending,  and  then  returned  and  landed.  At 
the  time  of  the  flights  (2  March  1982)  there  was  snow  cover  over  a  portion  of 
the  route. 

Results.  The  results  of  these  airborne  measurements  are  shown  in 
Figs.  5-9  and  5-10.  Shaded  regions  in  these  figures  indicate  the  time  periods 
during  which  significant  receptions  were  evident. 

Certain  patterns  in  the  data  are  recognizable.  For  example,  at  the  time 
of  crossing  from  land  to  ocean  in  the  Mode  C  flight,  there  appears  to  be  an 
echo  of  the  transaitted  P3  pulse,  received  at  a  time  25  us  after  the  P3 
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MODE  C  tNTERR 


Interrogation  back  scatter  measurements  (Mode  C  Interrogation.) 


MODE  S  INTERROGATIONS 


Interrogation  back  scatter  measurements  (Mode  S  interrogation.) 


tranmission8.  This  agrees  with  the  calculated  delay  tioe  for  an  echo 
reflecting  from  the  oce? i  surface  directly  beneath  the  aircraft.  The  fact 
that  this  echo  was  seen  for  a  bottom  antenna  interrogation  and  not  for  a  top 
antenna  interrogation  is  not  surprising,  and  the  fact  that  the  P3  echo  is 
evident  over  water  but  not  over  land  also  is  reasonable. 

The  region  of  significant  reception  did  not  extend  beyond  about  100  us 
following  the  start  of  interrogation.  This  was  true  throughout  the  flights: 
at  all  altitudes  and  over  ocean  as  well  as  land.  Considering  top  and  bottom 
antennas  separately,  and  considering  Mode  C  and  Mode  S  separately,  the 
resulting  limits  of  backscatter  duration  were: 

50  us  —  top  antenna,  Mode  C 
60  us  —  bottom  antenna,  Mode  C 
70  us  —  top  antenna,  Mode  S 
90  us  —  bottom  anLenna,  Mode  S. 

In  view  of  Che  wide  range  of  altitudes  and  surface  reflection  conditions 
experienced  in  these  flights,  it  seems  unlikely  that  the  extent  of  backscatter 
will  exceed  these  values  in  operational  use  of  TCAS  II.  Thus,  these  values  of 
transponder  suppression  duration  were  adopted  in  the  TCAS  II  baseline  design. 

These  time  periods  are  much  less  than  the  200  us  time  period  used  in 
BCAS.  ^ey  are  small  enough  so  that  they  easily  satisfy  the  self-suppression 
limiting  constraint.  Thus  it  is  not  necessary  to  pursue  the  possibility  of 
modifying  the  transponder's  interrogation  decoder  (Sec.  2.5). 
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APPENDIX  A 


MEASURED  RELIABILITY  OK  REKLY  DECODING 


Bench  tests  were  undertaken  to  determine  the  reliability  of  Mode  C  reply 
detection  and  decoding  when  overlapping  replies  are  received.  These  tests, 
performed  on  the  Lincoln  Laboratory  TEU,  were  Intended  to  provide  a  basis  for 
standards  against  which  other  reply  processor  equipment  can  be  compared. 

The  TEU  was  supplied  with  an  input  of  three  replies  overlapping  in  time 
by  various  amounts.  The  replies  were  input  at  RF,  and  were  non-coherent .  In 
each  of  22  tests,  the  amounts  of  reply  overlap  were  varied  systematically  in 
the  manner  shown  in  Fig.  A-l.  In  different  tests,  different  combinations  of 
reply  code,  reply  carrier  frequency,  and  received  reply  power  level  were  used, 
as  listed  in  Table  A-l.  Note  that  in  tests  1  through  6,  the  reply  codes 
(6020,  4030,  and  4420)  contain  three  information  pulses  each.  In  the 
remaining  sixteen  tests,  the  reply  codes  (6520,  4760,  and  6730)  contains  5,  6 
and  7  information  pulses  respectively,  which  may  be  expected  to  cause  more 
severe  reply  garbling. 

Each  test  consisted  of  a  large  number  of  trials.  The  data  from  each  test 
was  analyzed  to  determine  the  percentage  of  trials  in  which  reply  A  was 
detected  at  the  correct  range  and  also  the  percentage  of  trials  in  which  reply 
A  was  detected  at  the  correct  range  and  correctly  decoded.  These  same 
percentages  were  also  determined  for  reply  B  and  reply  C.  The  results  are 
given  in  Table  A-2. 


OVERLAP  TIMING,  TYPE  X 


U-  20.)  y*  -kJ 

NOTES:  Tim*  4t*p  (1.46/  24)  us.  26  trials  at  aach  paaMon. 
Tatal  mnwferar  of  trials  *r  fMT4. 


OVERLAP  TIMING,  TYPE  Y 
BEGIN 


NOTES:  Tima  stop  =  (1.45/24)p*.  26  trial*  at  tich  position. 

Total  numbor  of  trials  s18746. 


OVERLAP  TIMING,  TYPE  Z 

San*  as  Y  axcapt  =21.026  pa,  Tt^=  22.476  pa. 


Fig.  A-1.  Reply  overlap  scenarios  tested. 
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TABLE  A— 1 


REPLY  PROCESSOR  TEST  CONDITIONS 


Test 

No. 

Overlap 

Timing 

(Fig.  A— 1 
’  '  ' 

Reply  A 

Reply  B 

Reply  C 

Code 

(ABCD) 

RF 

(MHz) 

Power 

(dBm) 

Code 

(ABCD) 

RF 

(MHz) 

Power 

(dBm) 

Code 

(ABCD) 

RF 

(MHz) 

Power 

(dBm) 

1 

X 

6020 

1090 

-60 

4030 

1093 

-63 

4420 

1090 

-57 

2 

X 

6020 

1090 

-60 

4030 

1087 

-63 

4420 

1090 

-60 

3 

X 

602C 

1090 

-60 

4030 

1093 

-63 

4420 

1087 

-57 

4 

X 

6020 

1090 

-60 

4030 

1093 

-63 

4420 

1087 

-60 

5 

X 

6020 

1090 

-60 

4030 

1087 

-63 

4420 

1093 

-57 

6 

X 

6020 

1090 

-60 

4030 

1087 

-63 

4420 

1093 

-60 

7 

Y 

6520 

1090 

-60 

4760 

1090 

-60 

6730 

1090 

-60 

8 

z 

6520 

1090 

-60 

4760 

1090 

-60 

6730 

1090 

-60 

9 

Y 

6520 

1090 

-60 

4760 

1093 

-60 

6730 

1090 

-63 

Z 

6520 

1090 

-60 

4760 

1093 

-60 

6730 

1090 

-63 

11 

Y 

6520 

1090 

-60 

4760 

1087 

-60 

6730 

1090 

-57 

12 

Z 

6520 

1090 

-60 

4760 

1087 

-60 

6730 

1090 

-57 

13 

Y 

6520 

1090 

-60 

4760 

1093 

-57 

6730 

1087 

-63 

14 

Z 

6520 

1090 

-60 

4760 

1093 

-57 

6730 

1087 

-63 

15 

Y 

6520 

1090 

-60 

4760 

1087 

-57 

6730 

1093 

-63 

16 

Z 

6520 

1090 

-60 

4760 

1087 

-57 

6730 

1093 

-63 

17 

Y 

6520 

1090 

-60 

4760 

1090 

-63 

6730 

1087 

-60 

18 

Z 

6520 

1090 

-60 

4760 

1090 

-63 

6730 

1087 

-60 

19 

Y 

6520 

1090 

-60 

4760 

1090 

-57 

6730 

1093 

-60 

20 

Z 

6520 

1090 

-60 

4760 

1090 

-57 

6730 

1093 

-60 

21 

Y 

6520 

1090 

-60 

4760 

1093 

-63 

6730 

1087 

-57 

22 

Z 

6520 

1090 

-60 

4760 

1093 

-63 

6730 

1087 

-57 

TABLE  A- 2 


TEST  RESULTS 


Teet 

Rep*y 

A 

Reply 

B 

Reply 

C 

No. 

Detection 

Decoding 

Detection 

Decoding 

Detection 

Decoding 

1 

97 

65 

76 

41 

99 

67 

2 

98 

71 

94 

62 

98 

63 

3 

97 

65 

80 

42 

98 

65 

4 

98 

65 

87 

48 

98 

65 

5 

98 

71 

89 

53 

99 

63 

6 

99 

72 

94 

61 

99 

63 

7 

89 

62 

64 

49 

86 

60 

8 

96 

60 

93 

48 

93 

60 

9 

90 

62 

66 

49 

86 

59 

10 

97 

61 

95 

50 

93 

59 

H 

89 

61 

64 

48 

88 

63 

12 

96 

60 

94 

47 

96 

64 

13 

39 

62 

65 

50 

86 

58 

14 

97 

62 

95 

51 

93 

59 

15 

89 

62 

65 

50 

86 

59 

16 

97 

62 

95 

50 

93 

60 

17 

90 

62 

63 

48 

89 

64 

18 

97 

61 

92 

44 

96 

64 

19 

89 

61 

64 

49 

87 

61 

20 

96 

59 

94 

47 

95 

63 

21 

90 

63 

64 

48 

89 

63 

22 

97 

61 

94 

45 

96 

64 

